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ABSTRACT
In this research an effort is made to better understand the scour caused by 
submerged square jets in a cohesionless bed. The variables of interest are the 
densimetric Froude number, the tailwater depth and sediment grain size. Experiments 
were carried out at three different values of densimetric Froude numbers (= 3.9, 6.6 
and 10.0), a range of tailwater conditions varying from low to very high submergence, 
and two different sand bed grain sizes. Velocity measurements were conducted using a 
laser Doppler anemometer.
At a given densimetric Froude number, progressing from the start of the test 
towards asymptotic conditions, the geometric parameters used to describe scour are 
found to be sensitive to tailwater conditions and the ratio of the nozzle size-to-grain 
size. The present results indicate that the effect of nozzle size-to-grain size can be 
important and needs to be incorporated in the interpretation of scour. This effect is 
reduced as asymptotic conditions are reached. Turbulent bursts have been noted to 
have an important role in the scour process, and are more distinguishable with the 
finer bed material. At low values of the relative tailwater depth, the flow and the 
corresponding scour patterns tends to be non-symmetrical. Moreover, at low values of 
tailwater depth and higher densimetric Froude number, the scour pattern is quite 
different from the other test conditions. Empirical equations to describe the scour 
geometry are proposed for the asymptotic state. These relations are found to be valid 
for a wide range of test conditions.
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Scour is the removal of granular bed material by the action of hydrodynamic 
forces in the vicinity of hydraulic structures. Structures built in rivers and estuaries are 
prone to scour around their foundations. If the depth of scour becomes significant, the 
stability of the foundation may be endangered, with a consequent risk of damage and 
failure. In a river, scour is normally most pronounced when the bed and the riverbanks 
are formed by granular alluvial materials. Scour also occurs in cohesive materials, such 
as clay, and even deeply weathered rock can be vulnerable in some circumstances. Scour 
can be divided into the following categories (Breusers and Raudkivi, 1991):
Local scour: Scour that results directly from the impact o f the structure on the
flow and occurs only in the immediate vicinity of the structure. 
Constriction scour: Scour caused by narrowing o f a watercourse or re-channeling of
berm or flood plain flow.
General scour: Scour caused by natural processes irrespective of whether a
structure is present or absent.
Scour can also be classified according to the transport conditions. In clear water 
scour, sediment motion is localized and in live bed scour, the entire bottom is mobilized 
with locally higher stresses.
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In the field of hydraulic engineering, scour due to horizontal jets has been 
extensively studied (Breusers and Raudkivi, 1991). This type of jet can be found at the 
outlet of a culvert or storm drainage pipe, and also downstream of a sluice gate. Erosion 
at the outlet o f a culvert or storm drainage pipe occurs whenever the exit flow velocity 
exceeds a critical velocity, which would initiate the movement of bed material (Julien, 
1998). If proper design considerations are not undertaken, continued scouring 
downstream of the culvert can lead to collapse of the culvert structure. This kind of 
structural failure may lead to a substantial economic loss. However, from an economical 
point o f view, it is impractical to control the scour completely. Therefore, hydraulic 
engineers need to look for ways to control the process of scouring and to some extent 
minimize the risk of failure.
A number o f studies have been carried out in the past few decades to understand 
the scour caused by different types o f jets. In the studies o f scour by three-dimensional 
wall jets, most o f the researchers have focused on circular wall jets. Very few studies can 
be found on scour by square or rectangular wall jets. Many of the previous studies have 
found that the scour hole dimensions are mainly a function of densimetric Froude number
(F,= v J J g ( A p /p ) d ,0 ). Here, U0 is the jet exit velocity, g is the acceleration due to
gravity, p is the mass density o f water, Ap is mass density difference between the bed 
particles and fluid, and dso is the median bed particle grain size. Most predictive 
equations assume that F0 is the only independent parameter, though a simple dimensional 
consideration will yield a number o f other parameters. Some studies have speculated that 
the downstream tailwater depth and sediment size might have effects on the scouring 
process. However, the quantitative effects of these parameters on scour have received
2
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very little attention. This study deals with scour of cohesionless soil by three-dimensional 
(square) turbulent wall jets, focusing mainly on the effects o f tailwater depth and grain 
size in addition to densimetric Froude number.
1.2 Objectives
The objectives of this study are:
1) To investigate the local scour of cohesionless sediments by three-dimensional 
wall jets at various tailwater depths.
2) To investigate the effect of grain size of sediments on scour geometry.
3) To develop a better method of predicting the scour hole dimensions in 
cohesionless soil.
1.3 Scope
The scope o f the study was as follows:
1) A well-designed square nozzle was used to carry out the experiments.
2) Eight different tailwater depths (with various degree o f submergence) were 
selected to investigate the effect of tailwater depth.
3) Two types o f uniform sand grain were used to prepare the sand beds.
4) The scour geometry with time was monitored during the experiments.
5) During the experiments centreline streamwise velocity profiles at different 
locations downstream of the nozzle were measured using a laser Doppler 
anemometer (LDA).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6) At the asymptotic state centreline scour profiles, perimeters of the scour hole 
and the ridge, and volume o f the scour hole were measured.
7) The sand samples are collected for grain size analysis from three different 
locations for experiments with the coarser sand.
1.4 Organization of the thesis
This thesis is organized in five chapters. Chapter 2 includes a review of previous 
studies on the scour caused by three-dimensional wall jets in cohesionless soil. Chapter 3 
provides description o f the experimental setup and testing program. Chapter 4 presents 
the results and analysis of the experiments. Finally, conclusions of this study and 
suggestions for future research are made in Chapter 5. The figures in the respective 
chapters are presented at the end of each chapter.
4
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CHAPTER 2
LITERATURE REVIEW  
2.1 Introduction
In this chapter, the local scour due to jets with especial emphasis on three- 
dimensional wall jets interacting with cohesionless material is discussed. In the literature, 
scour by different types of jets has been analysed. These include the scour caused by 
plane wall jets, offset jets, impinging jets, and three-dimensional jets. Previous studies on 
scour by three-dimensional scour are discussed in this chapter. As well, a brief discussion 
on plane wall jets is presented. A brief history of prediction o f scour is presented later in 
this chapter.
2.2 Scour due to plane wall jets
Most of the jet scour studies have been conducted with plane wall jets that interact 
with cohesionless soils (Laursen, 1952; Tarapore, 1956; Altinbilik and Basmaci, 1973; 
Rajaratnam, 1981; Rajaratnam and Macdougall, 1983; Hassan and Narayanan, 1985; 
Johnston 1990; Ali and Neyshabouri, 1991; Mohamed and McCorquodale, 1992; 
Aderibigbe and Rajaratnam, 1998; Balachandar et al. 2000). Many o f these studies have 
been conducted at fully submerged conditions.
2.2.1 Dimensional consideration
A significant number of variables are involved in the scouring process and the 
analysis is not easy because of the complexity of the flow patterns. Dimensional analysis
5
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was found useful in combining the variables involved in the scouring process 
(Rajaratnam and Berry, 1997; Rajaratnam, 1981; Ali and Lim, 1986). For plane wall jets, 
Rajaratnam (1981) suggested that the maximum scour depth at asymptotic state, sma, was 
described by
S ma = f \ { U 0’b 0 ^ P ^ S ^ P , d 5a, o } .  (2 - 1)
Where b0 is the nozzle width and u is the kinematic viscosity.
Using dimensional analysis he found that,
■ =  / 2 F„ =
U„ U b b






The effect of Reynolds number (Re = U0b0/u) can be neglected if it is high enough 
(greater than a few thousand - Birkhoff and Zarantonello, 1957; Rajaratnam, 1976). 
Previous investigations by Rajaratnam and Berry (1977), and Rajaratnam and Beltaos 
(1977) rendered that effect of nozzle size-to-grain size (b0/d 5 o) is not important unless it 
becomes very small. Finally, the expression reduces to:
(2-3)
2.2.2 Scour development
The development of scour had been found to vary logarithmically with time up to 
a certain time and after that no significant change occurred (Tarapore, 1956). This 
unchanged state with time was considered to be an asymptotic state. With the progress o f 
scouring mechanism, the expanding cross-sectional area causes a reduction in mean flow
6
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velocity. Therefore, the velocity near the bed decreases with the increase in depth of the 
scour hole (Karim and Ali, 2000). Hence, one can say that the rate of scouring decreases 
as time progresses. However, a study by Balachandar and Kells (1997) has indicated the 
absence of an asymptotic state, which was also indicated by Breusers and Raudkivi 
(1991). Their study also showed the cyclic behavior of jets with alternate digging and 
refilling of the scour hole at relatively lower submergence. The same behavior was also 
observed by Johnston (1990). They referred to them as “bed je t” and “surface jet”, 
respectively. With minimal tailwater, six different flow regimes were observed by 
Mohamed and McCorquodale (1992). These regimes were described as a jet attached to 
the bed, adverse hydraulic jump, unstable moving hydraulic jump, wave jump, surface jet 
(inverted jump), and plunging hydraulic jump (B-jump). Rajaratnam (1981), and Ali and 
Neyshabouri (1991) found that the equilibrium maximum scour depth was mainly a 
function of densimetric Froude number (F0). Some attempts have also made to predict the 
scour numerically (Ushijima, 1996; Karim and Ali, 2000; Neyshabouri et al., 2001).
2.3 Scour in cohesionless soil by three-dimensional wall jets
Scour by three-dimensional wall jets has not been studied as extensively as that 
caused by plane jets. For three-dimensional wall jets, Ali and Lim (1986) suggested the 
following functional relationship,
where t is the time, vs is the settling velocity o f the sediment particles, H is the height is 
the tailwater depth, and B is the width of the channel.
(2-4)
7
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Rajaratnam and Berry (1977) studied the scour produced by circular wall jets, and 
concluded that the main geometric characteristics of the scour hole are functions of the 
densimetric Froude number (F0). The effect of tailwater depths has been studied by Ali 
and Lim (1986), and Faruque (2004) for scour caused by three-dimensional wall jets 
emerging onto sand beds. Lim (1995) studied the effect of the channel width (expansion 
ratio) on the scour development. A brief description o f some o f the most important 
studies are presented below.
Rajaratnam and Berry (1977) studied the characteristics o f three-dimensional 
scour caused by circular wall jets using both air and water as the fluids. They observed 
that, at an asymptotic state, the jet expands in an unconfined manner from the nozzle exit 
to the maximum depth, while in the downstream region, the jet behaves like an obliquely 
impinging jet. They concluded that the main characteristics o f the scour hole are 
functions o f the densimetric froude number (F0). The locations o f maximum depth and 
maximum width o f scour were found to be similar in their growth with time.
Using a setup similar to that used by Rajaratnam and Berry (1977), Rajaratnam 
and Diebel (1981) performed experiments having low tailwater depths. They observed 
the ridge to be flat at low tailwater depths. They concluded that the relative tailwater 
depth and relative width of the downstream channel do not affect the maximum depth of 
scour, whereas the location of the maximum scour was affected.
Ali and Lim (1986) studied scour caused by two and three-dimensional wall jets 
with shallow tailwater depths. They noted that tailwater had an influence on the 
maximum depth o f scour at asymptotic conditions for densimetric Froude number in the 
range 2.9 < F0 < 12. They recognized a critical tailwater condition beyond which a
8
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decrease or increase in tailwater causes an increase in the maximum depth of scour. In 
addition, their data indicates that this critical value increases with increasing densimetric 
Froude number and the effect of tailwater becomes insignificant when H/b0 is beyond 16. 
They noted that different types of flow patterns are associated with the different ranges of 
tailwater depths, which could cause variation in the near-bed velocity distribution.
In studying scour of the non-uniform sand beds, Lim and Chin (1992) noted that 
during early stages o f the scouring process, finer particles become suspended while the 
coarser particles move in sliding and saltation modes. These types of motions cause the 
formation of an armor surface that protects the bed as the scour hole develops. The 
armoring reduces the depth of scour and the time required to reach equilibrium. Lim and 
Chin (1992) noted a gradual reduction in depth as geometric standard deviation, a„ [= 
(d84/di6)0 5] increases.
Lim (1995) studied the effect of the channel width (expansion ratio) on the scour 
development and observed that the scour depth was not affected for an expansion ratio of 
ten. However, the scour depth was affected when the expansion ratio was five.
Chiew and Lim (1996) studied local scour by deeply submerged circular jets of 
both air and water. They expected that the ratio of the size of the nozzle to sand particle 
size should have an influence on scour profiles, but did not elaborate further. They found 
that the density difference between air/sediment and water/sediment affects the mode of 
sediment transportation, which in turn affects the depth o f the scour and the size of the 
ridge. They found a deeper scour hole in air than in water for the same densimetric 
Froude number. However, the ridge height was negligible for air jets. Particles are able to 
saltate in air, whereas in water the sediment particles formed a ridge right after the scour
9
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hole, which increases in height as the scour deepens. It is obvious that more energy is 
needed for particles to overcome the resistance generated by the presence of a larger 
ridge formed in water. To verify this hypothesis they carefully removed the particles from 
the ridge and found remarkably larger scour depths than that with ridges. They concluded 
that the densimetric Froude number was the characteristic parameter in describing the 
scour hole dimensions for both the air and water jets.
Ade and Rajaratnam (1998) compiled data from thirteen different sources 
including their own study and further highlighted the densimetric Froude number (F0) as 
a characteristic parameter to describe the scour profile. According to them, the tailwater 
depth has a pronounced effect on asymptotic scour depth for F0 greater than ten. The 
maximum depth of scour was larger at deeper submergences and higher values of F0. It 
was also noted that to attain an asymptotic state at higher values o f F0, a longer time was 
required.
Faruque (2004) studied the effect o f tailwater depth on local scour by three- 
dimensional (square) wall jets. His data indicates that the maximum scour depth of scour 
tends to be larger at a lower submergence. At low tailwater depth, he observed the 
formation of a secondary ridge that was attributed to secondary flow and proximity of the 
channel wall to the scour. Finally, he concluded that the densimetric Froude number, 
tailwater depth and nozzle size-to-grain size ratio, all have an influence on the extent of 
scour caused by three-dimensional jets.
10
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2.4 History of scour prediction
Over past decades, several equations have been proposed by different researchers 
for predicting scour downstream of a culvert or a wall jet. Rajaratnam and Diebel (1981) 
proposed the following equation for the asymptotic maximum scour depth downstream of 
circular wall jets having diameters 12.7 and 25.4 mm.
The tailwater depth ratios were in the range 0.2 to 3.39 and the mean diameter of the bed 
materials was 1.05 mm.
Abt et al. (1984) analysed the experimental results obtained by Ruff et al. (1982), 
Mendoza (1980), Kloberdanz (1982) and Shaihk (1980), where the culvert diameters 
were 102 and 254 mm, over a wide range of bed material mean diameter (0.22 mm to 
7.62 mm). The tailwater depth ratio (H/b0) was maintained 0.45. Abt et al. (1984) 
proposed the following:
= 0.41 Fa -0 .0 6 7  . (2-5)
0.57
(2-6)
f  V  \ 0-2 w ^ J 9 2 i  Q
(2-7)
(  V  \ 0-2 
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where Q is the volumetric discharge.
Ali and Lim (1986) used rectangular nozzles with varying aspect ratio (ratio of 
width and height of the nozzle). They proposed equation (2-10) for time dependent scour 
depth
They defined the length scale as follows:
L = b0, for a deeply submerged two-dimensional jet with rounded nozzle and 
H/b0 > 16.0
L = depth of water at vena contracta, for a deeply submerged two-dimensional 
jet issuing from a sluice gate.
L = hydraulic radius R for two and three-dimensional jets with shallow tailwater 
depth.
For calculating the volume of the scour hole, they proposed
Breusers and Raudkivi (1991) suggested design relationships based on culvert 
studies by Bohan (1970) and Ruff et al. (1982). However, they drew the conclusion that
£ (U  t V'3
= 0.09 —2 -  
R I  R
( 2 - 10)
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the effect of tailwater should be incorporated for predicting scour parameters. They 
proposed:
^  = 0.65
f  -r T \u 1/3
\ U*cJ
for 30 < —  < 500 (2-13)
—  = 7.5(t; ) 2/3 (2-14)
bn
^ 2 -= 15 [Frf \  (2-15)
6
Here u*c is the critical shear velocity for the initiation o f motion and Fr is the flow Froude 
number. Lim (1995) introduced the entrainment function [Shields parameter, 0C = 
u*c2/(Ap/p)gd5 o)] and modified equation (2-13) as follows
= 0.65
bn v A 7
(2-16)
For the sediments used by Bohan (1970) and Ruff et al. (1982), the 0C values vary from 
0.044 to 0.048. Lim (1995) used the average of these values and replased the above 
equation by
£ma = 1.1 ( F j ' \  (2-17)
He showed the comparison with the data using the above equation and the results of his 
own experiments and those from Rajaratnam and Diebel (1981) and found that the 
predictions were within ± 30%. Using his own data and data from Abt et al. (1984), 
Rajaratnam and Diebel (1981), Bohan (1970), Laushely et al. (1967), Opie (1967) and 
Ali and Lim (1986), Lim (1995) proposed following equations,
13
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= 0.45 F, for 1 < F  < 10 (2-18)
^  = 4.5 for Fn >10.  (2-19)
Chiew and Lim (1996) investigated the local scour by a deeply submerged 
circular jet. Their study showed that F0 is the characteristic parameter in describing scour 
hole dimensions and, based on that, they proposed the following equations describing the 
asymptotic state within the range of 4.8 < F0 < 85.3,
^  = 0.2 IF  (2-20)
-^SL = 1.90F 0 75 (2-21)
—  = 4 A \F o°'75. (2-22)
b„
For high submergence, Ade and Rajaratnam (1998) proposed the following 
equation,
4 A
— = 0.5(F„ + 1) where d  = J —  (2-23)
d '  V  n
The data compiled by Ade and Rajaratnam (1998) showed that the effect of tailwater 
depth was not prominent until beyond F0 equal to 10. However, Faruque (2004) clearly 
showed that the effect of tailwater depth is pronounced even at F0 equal to 6.6. Faruque 
(2004) tried to understand the role o f scaling variables using data from fifteen different 
sources including his own data, which contains hydraulic radius (R), dso, F0, tailwater 
depth (H) and time (t), and proposed the following equations for maximum depth (sm), 
maximum width (w), and length o f scourhole (Ls):
14
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r>0.75 i  0.25 j->  0.65 





n 0.7 » 0.3 r -1 0.65
i? 5̂0 F0
= 5.18




T = 17.26 (2-27)
I .









From the above described studies, one can note the importance o f densimetric 
Froude number. It has been suggested that it is the only characteristic parameter that 
describes the scour hole parameters. Some of the earlier researchers noted that the ratio of 
the nozzle size-to-grain size could have an influence on the scouring process, however, 
did not elaborate. The role of tailwater depth also needs further investigation, especially 
at lower submergences. In addition, there is a need to obtain empirical expressions for 
better prediction of the scour hole parameters, considering the effects of tailwater 
condition and grain size.
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CHAPTER 3 
EXPERIMENTAL SETUP AND PROCEDURES
3.1 Introduction
An open channel flume was used for carrying out the present study on local scour 
by three-dimensional wall jets. The experimental setup, testing program, the properties of 
the bed materials, and the laser Doppler anemometer that was used to measure the 
velocity distribution, are described in this chapter. The experimental uncertainty analysis 
is presented in Appendix A.
3.2 Experimental setup
The flume used in this study is of the re-circulating type as shown in Figure 3.1. 
The length o f the flume was 8.0 m, width 1.1 m and depth 0.92 m. The sides and the 
bottom of the flume were made of transparent tempered glass, which eases optical access 
for measuring velocity using the laser Doppler anemometer (LDA). The header tank was
1.2 m square and 3.0 m deep, and made of aluminum. The bottom slope of the flume was 
adjustable and, for this study, it was kept horizontal. A sand bed, 3.0 m long for the 
coarser sand and 2.0 m long for the finer sand and 0.325 m deep, was prepared within the 
flume and leveled to the invert of the nozzle. A sand trap was placed 1.5 m downstream 
of the end o f the sand bed to prevent sand from reaching the pump assembly as shown in 
Figure 3.1. A digital point gauge with a resolution of ±0.01 mm was mounted on a 
traversing system to obtaining the scour profiles.
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3.2.1 The nozzle
A well-designed nozzle was positioned near the upstream end of the flume. The 
details are given in the Figure 3.2. Concrete was used to form the nozzle. The inside of 
the nozzle was finished to be smooth by using a body filler and spray paint. Flow- 
straightners were used at the entrance to the nozzle to reduce the turbulence level and 
condition the flow. The nozzle exit was square and the width (b0) was 26.6 mm, which 
provided an area contraction o f 131:1. The ratio of the channel width to the nozzle width 
(B/b0) was 41.3, which is much higher than the recommended value o f ten to avoid side 
wall effects.
3.2.2 Sand samples
Two types o f sand were used to prepare the bed. A grain size analysis was carried 
out and the size distribution curves are shown in Figure 3.3. The gradation measurements 
of the sand particles are tabulated in Table 3.1. The specific gravity o f both types of sand 
particles is 2.65. According to Breusers and Raudkivi (1991), sediments can be called
uniform if the geometric standard deviation, a g (= AJdS4 / d l6 ), is less than 1.35. From a
hydraulic engineering viewpoint, the sands used for the present experiments can be 
considered to be uniform.
3.3 Measurements
For each test, the desired flow velocity was set by adjusting the valve on the 
downstream side o f the pump and the tailwater was set to the desired height. For 
measuring velocity, a single-component fiber-optic LDA (Dantec Measurement
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Technologies Inc.) was used. The LDA system was powered by 300 mW argon-ion laser. 
The optical systems include a Bragg cell, a beam expansion unit and a 500 mm focusing 
lens. The LDA system was operated in backward scatter mode. The measuring volume
3 • •for the present configuration was 0.124 x 0.123 x 1.65 mm . Sufficient particles were 
present in the water so that no artificial seeding was required. Due to the restrictions 
imposed by the geometry of the transmitting optics and the channel support structures, no 
measurements were possible at locations closer than a distance of one b0 (26.6 mm) 
downstream of the nozzle exit. Measurements were conducted along the centreline of the 
nozzle at different stations (1 < x/b0 < 25). Typical data rates of 10 ~ 150 Hz were 
obtained and the maximum duration for data acquisition at each measurement location 
was set to 2 minutes. The commercial LDA system has been used in several other studies 
and details are avoided here for brevity (for example, see Tachie, 2000). The velocity 
measurement at the nozzle exit was continuously monitored during each test.
As indicated above, a digital point gauge was used to measure the scour profiles after 
draining the water out o f the flume by opening the tailwater control gate. To measure the 
volume of the scour hole at asymptotic conditions, the procedure suggested by Ali and 
Lim (1986) was used. This involved neatly spreading out a thin sheet of plastic in the 
scour hole region and pouring known volumes of water until the water surface touched 
the tip of the point gauge, which was adjusted to the original sand bed level.
3.4 Testing Program
In total, 31 experiments were conducted with various degree of submergence 
(both high and low). The two different grain sizes enabled experiments to be conducted
18
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over a large range of b0/d 5 o. A summary of the experiments performed is presented in 
Table 3.2. In addition, a few tests were conducted to ensure the repeatability of the 
experiments. Three different densimetric Froude numbers (F0) were maintained in the 
present study. All the experiments with the coarser sand bed (dso = 2.46 mm) were 
continued for at least 24 hours. To ensure that an asymptotic state was attained, one 
experiment was carried out for 72 hours, and it was noted that there was no considerable 
change in the scour hole geometry after about 15 hours. However, all the experiments 
with finer sand bed (djo = 0.71 mm) were conducted for 96 hours.
19
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Table 3.1: Gradation measurements of the sand beds
Sand bed 1 Sand bed 2
d50 (mm) 2.46 0.71
1.24 0.9
 ' fU — ----■
Note: dj is i percent finer
Table 3.2: Details of experiments
Test No. U0 F0 dso b0 H/bo Run time
(m/s) (mm) (mm) (h)
101 0.78 3.9 2.46 26.6 1 24
102 0.78 3.9 2.46 26.6 2 24
103 0.78 3.9 2.46 26.6 3 24
104 0.78 3.9 2.46 26.6 4 24
106 0.78 3.9 2.46 26.6 6 24
112 0.78 3.9 2.46 26.6 12 24
115 0.78 3.9 2.46 26.6 15 24
118 0.78 3.9 2.46 26.6 18 24
201 1.31 6.6 2.46 26.6 1 24
202 1.31 6.6 2.46 26.6 2 24
203 1.31 6.6 2.46 26.6 3 24
204 1.31 6.6 2.46 26.6 4 24
206 1.31 6.6 2.46 26.6 6 24
212 1.31 6.6 2.46 26.6 12 24
215 1.31 6.6 2.46 26.6 15 24
218 1.31 6.6 2.46 26.6 18 24
301 2.0 10.0 2.46 26.6 1 24
302 2.0 10.0 2.46 26.6 2 24
303 2.0 10.0 2.46 26.6 3 24
304 2.0 10.0 2.46 26.6 4 24
306 2.0 10.0 2.46 26.6 6 24
312 2.0 10.0 2.46 26.6 12 24
315 2.0 10.0 2.46 26.6 15 24
318 2.0 10.0 2.46 26.6 18 24
402 1.08 10.0 0.71 26.6 2 96
404 1.08 10.0 0.71 26.6 3 96
406 1.08 10.0 0.71 26.6 6 96
418 1.08 10.0 0.71 26.6 18 96
506 0.71 6.6 0.71 26.6 6 96
518 0.71 6.6 0.71 26.6 18 96
606 0.42 3.9 0.71 26.6 6 96
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Figure 3.1: Schematic diagram of the experimental setup.
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Figure 3.3: Grain size distribution curves.
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In this chapter, the experimental results are discussed. Detailed visual 
observations of the evolution of scour and flow patterns are also presented. An attempt is 
made to provide improved prediction equations for the scour hole parameters.
4.2 Visual observation of scouring process
Figure 4.1 shows the schematic of the scour hole and ridge that is formed 
downstream of the nozzle. The relevant variables are also defined in Figure 4.1. A 
general description o f the scour process observed during the experiment is presented 
here. For clarity, the visual observations related to the experiment with H/b0 = 18, dso = 
2.46 mm at F0 = 10 is first presented. Variations from this case at other flow conditions 
are described as the discussion progresses.
Once the pump is started, a vigorous scour action occurs close to the nozzle and 
forms a hole. At the early stages of the scouring process, the nearly elliptical scour hole 
grows longitudinally with a moving ridge formed downstream of the scour hole. The 
infant ridge moves forward with a rolling motion of sand particles and with time, the 
ridge becomes larger in size. The particles which have already reached the crest of the 
ridge, slide down the downstream slope of the ridge. For the large tailwater, at no point, 
there is large scale suspension of sand particles into the flow stream. In time, the scour 
hole and the ridge grow in size and the ridge is transported in the streamwise direction.
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For this grain size (cho = 2.46 mm), after about 15 hours from the start of the test, the rate 
of change in the scour field is very much reduced and the geometry tends towards an 
asymptotic state.
Figure 4.2 provides a pictorial representation of the top view of the asymptotic 
scour hole and the ridge at different tailwater depths at F0 = 10. At the higher tailwater 
depths (H/b0 > 4), the scour hole and the ridge are almost symmetrical about the nozzle 
axis (Figures 4.2a, 4.2b and 4.2c). With a decrease of tailwater depth (H/b0 < 3), the ridge 
crest disappears and a plateau is formed on the ridge (Figures 4.2e and 4.2f). At the lower 
values of H/b0, jet confinement effects become important as the jet is constrained in its 
vertical motion. Due to the confinement, the jet expands more freely in the lateral 
direction, causing a larger sized hole in this direction and consequently, the ridge is also 
spread out more laterally. Dye visualization indicates higher velocity on the top portion 
of the ridge, compared to the other tailwater depths. Consequently, the ridge tends to 
become flatter as the flow exerts sufficient shear stress to cause further movement of sand 
particles on the ridge. Moreover, at the lower tailwater depths, the scour hole and the 
ridge become non-symmetrical. This non-symmetrical nature is observed to be prevalent 
in the experiments with lower densimetric Froude numbers (F0). For the lower tailwater 
depths, the jet initially tends to move laterally to one side. However, with time the flow 
tends to become symmetrical about the nozzle axis and the scour hole and the ridge 
change in response to the jet movement. Figure 4.3 shows the scour patterns at F0 = 6.6 at 
different tailwater conditions. At H/b0 = 2 (Figure 4.3e), the jet initially moves to the 
right of the centreline and then moves slowly towards the nozzle axis. The corresponding 
scour pattern reflects this phenomenon where the ridge is clearly non-symmetrical.
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Faruque (2004) reported the presence of two secondary ridges on both sides of the main 
ridge in the experiment with a larger size nozzle (b0 = 76 mm) at H/b0 = 2, which was 
noted to be an effect of the jet expansion ratio (B/b0). However, in the present study no 
secondary ridge was observed on either side of the main ridge. In his study, the jet 
expansion ratio was 14.5, whereas, for the present study, it is 41.3.
Visual observations also indicate the presence of turbulent bursts, which occur 
frequently in the region downstream of the maximum depth o f the scour hole. The 
importance of these burst events in scour studies has been pointed out recently (Bey et 
al., 2005). Few scattered bursts are also observed in the region upstream of the maximum 
depth of the scour hole. For experiments with the coarser sand (d5o = 2.46 mm), the 
turbulent bursts do not play a considerable role in sediment transport. The bursts are not 
strong enough to transport the larger particles and only a sweeping motion of the finer 
particles occurs. However, for the experiments with the finer sand (dso = 0.71 mm), the 
frequency of the turbulent bursts was higher and visually appear to play a considerable 
role in sediment transport. With the finer sand bed, in addition to the longitudinal growth 
of the scour hole and formation o f the ridge, some particles are also transported as 
suspended load and are deposited past the ridge at the beginning o f the experiment, and 
form a rippled bed past the ridge. However, with time the scour hole and the ridge cover 
the uneven bed. After the formation of the ridge, a small dune with a lateral curvature 
forms on the upstream slope o f the ridge (see Figure 4.4a). Over time, this dune migrates 
towards the crest (Figures 4.4b, 4.4c) and falls off the crest. Soon, a second dune forms 
and begins to migrate up the ridge. Occasionally, one can notice that a part of the dune 
breaks up (Figure 4.4d) and rolls down to the ridge towards the scour hole. Turbulent
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bursts occurring near the dune aid in breaking up the dune. The bursts are strong enough 
to cause rolling motion of particles in all directions. Some of the particles are seen to roll 
down towards the scour hole, while others are thrown past the ridge crest. The migrating 
dunes are not observed in the experiments with the coarser sand.
4.3 Scour progress with time
Figures 4.5a - c show the variation of maximum depth of the scour hole with 
increasing time at various tailwater and F0 values. In these figures, the data of Faruque 
(2004) and Ali and Lim (1986) have also been included to enable comparison. Ali and 
Lim (1986) conducted experiments with a 51 mm square nozzle (F0 = 4.4, H/b0 -  1.57, 
B/b0 = 12, and b0/djo = 62.5). It can be noted that the value of boALo in the present study 
is 10.8 and 37.5 for the coarser and the finer sand, respectively, and considering the three 
sets of data, the range of b0/d 5 o and H/b0 are quite large. Furthermore, the range of 
expansion ratio is also quite varied (12 < B/b0 < 41.3). The present data at the lower value 
of F0 (= 3.9) are in good agreement with that of Ali and Lim (1986) and Faruque (2004), 
indicating that tailwater depth has no significant effect on the maximum depth of scour at 
low F0, barring the data at the lowest tailwater condition (H/b0 = 1). For H/b0 = 1, it 
should be remarked that it was not visually possible to actually obtain the maximum 
depth of the scour during the test. Consequently, only the data at an asymptotic condition 
after the flow was stopped is shown in the figure. In fact, the present and previous studies 
indicate that for F0 < 5. the influence of b0ALo is important during the early stages of 
scour and the maximum depth of the scour hole becomes almost independent of all other 
parameters at the asymptotic state (merging of curves A and B).
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Figure 4.5b shows the time variation of scour at F0 = 6.6. It can be seen from 
Figure 4.5b that for F0 = 6.6 and H/b0 > 3, the data is more or less collapsed on to a single 
line (curve C). For H/b0 < 2. the maximum depth of scour is higher (curve D). This is 
principally due to the effect of tailwater as all other parameters are the same as in curve C 
and the value of B/b0 is very large in the present experiments. For FI/bo < 2, since the 
expansion of the jet and entrainment of ambient fluid is limited in the vertical direction 
towards the free surface, the jet diffusion is reduced and has more potential to cause 
scour. It is important to note that the data of Faruque (2004) obtained with a 76 mm 
square nozzle and bo/djo = 30.9, though collapsed together (curve E), are different from 
the present set of data. This could be due to the change in bo/d50 or due to the expansion 
ratio (B/b0), as both values are different from the present data set. Also shown in Figure 
4.5b is the data of the tests conducted with the smaller sand (dso = 0.71 mm) and the trend 
is indicated by curve F (H/b0 = 6 and 18). Clearly, the evolution of scour with the finer 
sand follows a distinct trend different from the larger sand. However, at asymptotic 
conditions, the maximum depths of the scour hole are quite similar for both grain sizes. 
Since the expansion ratio is held constant and the tailwater depths are large, and only the 
sand bed is changed, one can conclude that the difference noted between curves C and F 
is principally due to bo/djo. Comparing curves E and F, one can note that there is 21% 
change in bo/djo, whereas there is a 185% change in B/b0. The difference noted in the two 
curves is more likely due to the changes in bcALo as the expansion ratio is greater than ten 
and should have a minimal effect (Lim 1995). Given that all the data presented in Figure 
4.5b are from tests conducted at larger values of B/b0, one is tempted to conclude that the 
effect of bo/djo can be quite important in the interpretation of the results. Previous studies
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have qualitatively speculated on the importance of bo/dso (Chiew and Lim 1996). This is 
perhaps the first quantitative study to identify the role of b0/d 5 o in interpreting the results. 
With increasing bo/djo- one can note that the time to attain an asymptotic state is 
increased.
Figure 4.5c shows the present data at F0 = 10 and illustrates that for the 
experiments with larger grain size and H/b0 > 3, the data are collapsed together on to a 
single line (curve G). The data of the experiments with smaller sand size are collapsed on 
to a different line (curve I). Since the value o f F0 (= 10) is constant, the larger grain size 
tests were conducted at a higher velocity, which proportionally causes higher shear 
stresses near the bed and increases scour. It is important to recognize that as the 
expansion ratio is held constant in the tests denoted by curves G and I (but different 
bo/dso), the differences in the two curves can be attributed to the effect of nozzle size-to- 
grain size ratio.
Overall, Figures 4.5a - c show that there is a dependence of sm on tailwater depth, 
but it is limited to H/b0 < 1 for F0 = 3.9, H/b0 < 2 for F0 = 6.6, and at the highest value of 
F0, the effect of tailwater is prominent for H/b0 < 3. Furthermore, Figure 4.5 clearly 
shows that the effect of b0/d5o can be important at all values of F0.
Figures 4.6a - c show the variation of the maximum width of the scour hole with 
time for the three values of F0. At a given F0 and dso, most o f the data are collapsed 
together on to a single line (curve J), and there is no significant tailwater effect except at 
the shallowest condition (H/b0 = 1). However, the data for the experiment with the 
smaller sand (d50 = 0.71 mm) shows a different trend (curve K in Figure 4.6a) which is 
similar to the observation made for the maximum depth of the scour hole. Figure 4.6b
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
also indicates that the width o f the scour hole is nearly independent of tailwater 
conditions for a given b0/djo. At asymptotic conditions, the maximum width of the scour 
hole for both the sand sizes are found to be similar. The data o f Faruque (2004) obtained 
at bo/djo = 30.9 is close to the present data at b0/d 5 o = 37.5. At the largest value of F0 
(Figure 4.6c), the width of scour is found to be independent o f grain size and tailwater 
conditions. The inset in Figure 4.6c clearly shows the increase in width with increasing 
F0. Once again, it can be noted from Figure 4.6 that tailwater effects are minimal at a 
given value of F0 and the influence o f bo/dso is important during the growth of the scour 
hole.
Figures 4.7a - c show the time variation of the length o f the scour hole. At the 
lower F0 (= 3.9), the length of the scour hole reaches an asymptotic state earlier, which 
causes the distribution of the data to be almost horizontal (curves P, Q and R in Figure 
4.7a). The curves Q and R represent the data at H/b0 = 2 and 3, respectively. The data for 
the rest of the tailwater depths (4 < H/b0 < 18), which tend to collapse on to a single line, 
is represented by curve P. Curve S represents the data for the smaller sand (dso = 0.71 
mm) and the conclusion can be drawn which is similar to that o f the previous two 
parameters (emand w).
In Figure 4.7b, the data o f Faruque (2004) are again collapsed together; but 
different from the present data set. The data with smaller sand (dso = 0.71 mm, curve U) 
collapse on to curve T on reaching an asymptotic state. However, the evolution of curve 
U is different, because it takes a longer time to reach an asymptotic state for the 
experiments with the smaller sized sand. The difference noted between curves T and V 
could be an effect o f bo/djo or the expansion ratio (B/b0), since the other parameters are
29
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
held constant. Considering the values of the expansion ratio (> 10), and as suggested by 
Lim (1995), it can be concluded that the difference between the data of Faruque (2004) 
and the present study can be attributed more to changes in b0/d 5 o than B/b0.
From Figure 4.7c, it can be seen that there is scatter in the length of the scour hole 
data at earlier time periods. With time, the data tends to merge into a single line. Overall, 
one can note from Figure 4.7 that the length of scour seems to be sensitive to the tailwater 
depth at shallower conditions. Moreover, at F0 = 3.9, the length o f scour is found to be 
lower at H/b0 = 2 and 3 than other tailwater conditions. This is different from the trend at 
higher values o f F0. From Figures 4.5, 4.6, and 4.7, one can note that the length of the 
scour hole attains an asymptotic state sooner than the maximum depth and width of the 
scour hole.
4.4 Scour geometry at asymptotic conditions
Figure 4.8a shows the asymptotic scour profiles along the centreline of the nozzle 
for the experiments having different tailwater conditions at F0 -  10. In this Figure, both 
axes are normalized by the width of the nozzle (b0). Only some o f the profiles are shown 
to avoid cluttering. The profiles indicate that the location o f maximum depth of the scour 
hole tends to be closer to the nozzle with decreasing tailwater depth. The height of the 
ridge was found to be larger with a sharp crest at the higher tailwater conditions (H/b0 > 
4), while the ridge tends to flatten out with the decreasing tailwater depth. It is worth 
noting that at asymptotic conditions, the profiles for H/b0 > 4 are all collapsed together. 
Not only is the maximum depth of scour the same at the larger tailwater depths, but the 
entire profiles are similar.
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The normalized asymptotic perimeter of the scour hole is shown in Figure 4.8b. 
The location of maximum width of the scour hole tends to be closer to the nozzle and is 
wider at lower tailwater depths. The inability of the jet to expand in the vertical direction 
(towards the free surface) causes the jet to expand laterally. This results in the scour hole 
width being larger at H/b0 = 1 than at any other conditions. Figure 4.8c shows the 
normalised asymptotic perimeter of the ridge for the experiments shown in the earlier 
figures. The ridge is wider at lower tailwater depths. Moreover, the shape of the ridge is 
different at H/b0 = 1 from the other tailwater conditions. Initially, at the start of the test 
with low FI/bo, the shape of the ridge is very similar to that o f the other tailwater depths. 
However, with increased lateral spreading of the jet, the scour hole widens laterally and 
correspondingly, the ridge also widens. This later formed wider ridge pushes forward the 
earlier formed narrow ridge downstream, resulting in the shape shown in Figure 4.8c that 
is different from that noticed at larger H/b0. Figure 4.8d shows the normalized asymptotic 
perimeter of the ridge for a series of experiments having F0 = 3.9. One can note that all 
data at higher tailwater conditions (H/b0 > 4) are closely spaced. The ridge is wider at 
H/b0 = 1 and non-symmetrical at low tailwater depths.
The asymptotic shape of the scour bed profiles for different densimetric Froude 
numbers (F0) at H/b0 = 18 are presented in Figure 4.8e. It can be seen that the depth (sma) 
and the distance o f the maximum depth of the scour hole from the nozzle (xm) increases 
with increasing F0. Correspondingly, the height (h) and location of the ridge increases 
with increasing F0. Figure 4.8f shows the profiles at three values of F0 for H/b0 = 2. At 
the lower value of F0, the ridge crest is sharper while at F0 = 10, the ridge is flat and it 
directly related to the prevailing local velocity (hence the shear stress). Figure 4.8g shows
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the profiles at different F0 for H/b0 = 1. It is clear that the size and shape of the ridge is 
clearly dependent on densimetric Froude number (F0) and tailwater depth. At very low 
tailwater depths, the ridge tends to be flat for all F0.
Figure 4.8h shows the variation of the ridge height with tailwater depth. With
increasing tailwater depth, the ridge height increases quite rapidly and stabilizes to a near 
constant value beyond H/b0 = 6. Moreover, the effect of F0 is clearly distinct in the 
figure. The grain size has no significant effect on the relative height o f the ridge at 
asymptotic conditions. It should be noted that at higher F0, the height of the ridge is 
slightly greater than the prevailing downstream depth of the flow at H/b0 = 1, which was 
also found in the data of Rajaratnam and Diebel (1981) at H/b0 < 1. Ade and Rajaratnam 
(1998) categorized the relative ridge height according to submergence. On re­
interpretation of their data, one can note that at higher F0 (> 10), there is a critical
tailwater depth beyond which an increase or decrease in tailwater depth causes an
increase in ridge height.
4.5 Velocity distribution
The velocity distribution in the region above the scour hole and the ridge was 
investigated at different stages of the scour process. The velocity distributions were taken 
at six different locations downstream of the nozzle along the centreline of the nozzle. For 
example, Figure 4.9 shows the velocity distributions at six different locations (A = lb0, B 
= 5b0, C = 10bo, D = 15b0, E = 20bo and F = 25b0) for Test 418 and 402 at different 
stages o f the scour process. The solid lines denote the velocity profiles at various times 
while the circular symbols denote the measurements at asymptotic conditions. The
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asymptotic bed profiles are also shown in Figure 4.9 for better understanding of the 
physical locations of the velocity measurements. The broken lines represent the zero bed 
level and the locus of the ridge crest. In Figures 4.9a and 4.9b, station “A” shows that the 
jet exit velocity at a distance of b0 (x = 26.6 mm) downstream of the nozzle remains 
constant throughout the testing period independent of the time of measurement. In Figure 
4.9a, the velocity values at farther stations from the nozzle are slightly lower at 
asymptotic conditions. However, the differences are not very significant. This is due to 
the rather quick development of the scour hole and ridge towards a stable size and shape. 
However, for Test 402 (Figure 4.9b), the velocity distributions show some variation 
between the varying time and asymptotic state at different stations except station “A". 
Station “C” is the location of maximum width of the scour hole for Test 402, which is 
about 230 mm wide at the time when the first measurements were conducted and 445 mm 
wide at the asymptotic condition. This reveals that at the time when the first velocity 
profile was taken at station “C”, the jet was confined by the narrow scour hole, which 
eventually causes the higher velocity component in the longitudinal direction at the 
location than that at the asymptotic state. However, at locations “E ’ and “F”, the velocity 
components seem to be higher at the asymptotic condition. In Test 402, at the asymptotic 
state, a higher velocity was observed along the centreline of the jet on top o f the ridge due 
to the reduced space available. This kind of flow behaviour was not observed for Test 
418 as the tailwater is very high.
The velocity profiles at downstream locations (E and F) in Figures 4.9a and 4.9b 
indicate that the velocity components in the longitudinal direction are slightly higher for 
Test 402 than Test 418. One can also note that the jet at lower tailwater depth impinges
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on the free surface closer to the nozzle, consequently, higher surface velocity than at 
other tailwater condition is observed. At the highest tailwater condition (H/b0 = 18), there 
is no indication of impingement of the jet on the free surface.
4.6 Sediment deposition
From the series of experiments conducted one can note that there is a trend in the 
differential deposition of fine and coarse particles at different locations in the scour hole 
and ridge. For example, fine particles are deposited at the side o f the scour hole (see 
region “A” in Figure 4.10a). Also, coarser particles are noted at the bottom of the scour 
hole just downstream of the maximum scour depth. This layer of coarser particles was 
only about a grain size in thickness and is located between 0.55LS to 0.75LS. This 
distribution o f coarser particles resembles an “armoring layer" which forms when larger 
particles are less susceptible to be transported (Lim and Chin. 1992). As the layer of sand 
is very thin and distributed over a small area, grain size sample was not collected from 
this region. The sand samples were collected for grain size analysis from three different 
locations, which are shown in Figure 4.10a. Region “A” is the location where the fine 
particles are deposited. Region “B” is the downstream slope of the ridge and region “C” 
is the upstream slope of the ridge. Figure 4.10b shows the result o f the sieve analysis of 
the experiment (Test no. 318) with F0 = 10 and H/b0 = 18. From this figure, one can note 
that the sand deposited on the downstream slope of the ridge is slightly coarser than that 
on upstream slope. This deposition pattern supports the earlier observation by Rajaratnam 
and Diebel (1981). At the very beginning of the experiments, the fluid flows in a straight 
path and the particles tend to follow the fluid path due to the high fluid momentum. With
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the gradual formation of the scour hole and the ridge, the fluid changes its straight path 
and follows a curvilinear path shown in the Figure 4.11. The larger particles, which are 
not able to follow the curvilinear path of the fluid because o f their inertia, follow their 
original course and get transported straight up the ridge and then slide down. The 
relatively finer particles, which tend to follow the fluid more closely, get transported and 
deposited at the start o f the ridge (zone “A’"). Zone “A” also includes a part of the scour 
hole region and some finer particles are also observed on both the sides of the scour hole, 
which is caused by the sweeping motion originating in the turbulent bursts (discussed in 
the visual observation). Figure 4.12a shows the particle size distribution at various 
tailwater depths in zone “A”. The median diameter (dso) o f the fine particles increases 
with increasing tailwater depth and at high values of H/b0, d50 remains nearly constant. At 
the low tailwater depths, dye visualization shows that the effect of the secondary flow 
becomes stronger, which enhances the screening process o f the sediment and results in 
the finest deposition at region “A”. No systematic variation in grain size distribution 
with tailwater was observed for regions "‘B" and “C” (Figures 4.12b and 4.12c).
4.7 Proposed scour predictions and their accuracy
Figures 4.13a - c show the dependence of the normalized asymptotic scour 
parameters on tailwater depth ratio (H/b0). From Figure 4.13a, one can note that the 
asymptotic maximum scour depth (sma) initially decreases with increasing tailwater 
depth. After a certain tailwater depth, the depth of scour tends to increase slightly and 
then attains a near constant value. This constant value increases with increasing 
densimetric Froude number. Clearly, the effect of tailwater depth can be important at low
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
values of H/b0, especially for H/b0 < 4. The above description also applies to the 
maximum width (wa) and length (Lsa) of the scour hole (Figures 4.13b and 4.13c).
As indicated earlier, the evolution of the scour hole with time depends on bc/dso. 
In most instances, as an asymptotic state is reached, the influence of bo/djo is reduced. In 
an effort to provide useful but simplified equations, it is assumed that the role of grain 
size is completely absorbed by the densimetric Froude number. Figure 4.14a shows the 
variation of the equilibrium maximum scour depth (s,na/b0) with densimetric Froude 
number (F0) using the data from the present study and Faruque (2004). Different 
relationships commonly proposed by earlier researchers that would best describe the 
present data were investigated. A logarithmic relationship of the form 
s ma /b0 = A ln (/y ) -  B was found to be most suitable. A typical curve for H/b0 = 12 is
shown in Figure 4.14a. The parameters “A” and “B” are plotted against tailwater depth 
ratio (FI/bo) in Figure 4.14b. The values of “A” and “B” at H/b0 = 0.5 have been obtained 
using the data from Lim (1995). From this figure one can note that the asymptotic 
maximum scour depth is very sensitive to tailwater at lower tailwater depths (0.5 < H/b0 
< 3). In this range of tailwater, the parameters vary as a logarithmic function of the 
tailwater depth ratio, given by
A = 0.66 In + 2.34 (4-1)
5  = 1.31 In:f H '
\ bo
+ 1.73 . (4-2)
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One can also note from Figure 4.14b that there is no significant variation in the values of 
“A” and “B” at the higher tailwater depths (H/b0 > 4). Equation (4-3) is proposed for 
predicting the equilibrium maximum scour depth at higher tailwater depths (H/b0 > 4).
^  = 2.551n(F),)- 2.44 . (4-3)
A similar logarithmic approach was attempted for asymptotic maximum width of 
the scour hole. However, it has been found that the linear approach was the best 
representation of the asymptotic maximum width of the scour hole (Figure 4.15a). It 
should be remarked that the width is not as sensitive to tailwater conditions as smct. 
Equation (4-4) and (4-5) are the best representation of asymptotic width of the scour hole 
at H/b0 = 1 and H/b0 > 2, respectively.
^  = 2.1(F),)- 0.95 for —  = 1 (4-4)
K ba
^ -  = 1.7(F),)-1.2 for f > 2 .  (4-5)
K bn
The normalized asymptotic length o f thescour hole is plotted against F0 in Figure 
4.15b. From this figure one can note that the asymptotic length o f the scour hole is not 
sensitive to tailwater conditions. However, it is dependent on F0. The following linear 
equation (4-6) is proposed for calculating the length of the scour hole. In adapting this 
simplified equation a compromise was made to allow for a slight over-prediction at 
higher tailwater depths. This is done because it is better to slightly over-predict from a 
design consideration.
^  = 2.86(F),) +3.24 . (4-6)
b„
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Figure 4.16a shows the variation of normalized asymptotic volume of scour hole
(Vs/b03) with F0. A power relationship of the form Vs I b j  = M{F0)n was found to be
most suitable. A typical curve for H/b0 = 12 is shown in the figure. The parameters “M” 
and “N” are plotted against tailwater depth ratio (H/b0) in Figure 4.16b. One can note 
from this figure that the values of “M” and “N” follow a linear relationship with tailwater 
depth within the range 2 < H / b0 <4.  At the higher tailwater depths (H/b0 > 6), the
values of “M” and “N” tend to vary to some extent with the tailwater depth, which is due 
to the high uncertainty involved in measuring the volume of the scour hole. The proposed 
variations of “M” and “N” with tailwater depth are given below (equations 4-7, 4-8, and 
4-9):
M = 1.14 ; N  = 2.76 for —  = 1 (4-7)
b„
M  = 0.12
b.
■0.12 ; N  = 4 .20-0 .27 f H '
\  0 J b
for 2 < —  < 4 (4-8)
b„
M  = 0.3 ; jV = 3.19 for 4 <  —  < 1 8 .  (4-9)
K
Using the present experimental data and those obtained in other studies, a relative 
evaluation of the prediction of maximum depth of scour was carried out. Figures 4.17a - e 
show the comparison of the different experimental data sets and the predictions using 
equations proposed by several authors. For example, Figure 4.17a shows the comparison 
of the actual experimental data with the predictions proposed by Rajaratnam and Diebel 
(1981). Most o f the data is over-predicted by their equation. Figure 4.17b shows the 
comparison o f experimental data with the equation by Chiew and Lim (1996). Almost all 
the data seems to be under-predicted. A study of all the graphs in Figure 4.17 indicates
38
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that the existing equations either over or under-predicted. Figure 4.17e shows the 
prediction based on the equations proposed in the present study and these predictions are 
more appropriate for a wide range of test conditions.
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Figure 4.1: Definition of scour parameters.
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Figure 4.2: Top view of the scour hole and the ridge for the experiments having F
41
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Figure 4.3: Top view o f the scour hole and the ridge for the experiments having F0
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Figure 4.4: Formation and transport of small dune (Test no. 418).
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Loĝ Uot/bo)
(c) F0 = 10
6.0 6.5 7.0 7.5
Figure 4.5: Variation of maximum depth of the scour with time.
44
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10






H/b0 -  l
Curve K
H/b0 dso (mm) bo/d.™
Curve J 2 - 1 8 2.46 10.8
Curve K 6 0.71 37.5
3.5 4.0 4.5 5.0 5.5 6.0
Log10(U0t/b0)





T e s t  n o . H/b„
♦ 201 2 Faruque (2004)
o 202 x 4 Faruque (2004)
A 203 + 6 Faruque (2004)
a 204
■ 206
□ 212 A t  B - ------
♦ 215 a ---------- -*-----
o 218 +
-5 0 6 . ■ • ■ +
+ 518 + Curve M —
H/b0 =  1
Curve L
+ '  t
V
-L— ‘ +
H/b0 d »  (mm) bt/d . B/b0
Curve L 2 - 1 8 2.46 10.8 41.3
Curve M 6 - 18 0.71 37.5 41.3
3.5 4.0 4.5 5.0 5.5 6.0
Log10(U0t/b0)




















H/b0 d5o (mm) B/b0
| Curve N 2 - 1 8 0 .7 1 -2 .4 6 41.3
Curve N
 Fo = 3.9 d ™ - 2.46 mm
 Fo = 6.6
 Fo=  10.0 _  _
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7 5
Log,o{U0t/b0) I
3.5 4.0 4.5 5.0 5.5 6.0
Log10{Uot/b0)
6.5 7.0 7.5
(c) F0 = 10
Figure 4.6: Variation o f maximum width of the scour hole with time.
45






_ 1 5 a  104
■ 106 @
J □ 112 *
~ 1 0 ♦ 115 .
o 118
5 - - 6 0 6
H/b0 d5n (mm) bo/d,,,
Curve P 4 -  18 2.46 10.8
Curve Q 2 2.46 10.8
Curv e R 3 2.46 10.8
Curve S 6 0.71 37.5
C u rveP  —
Curve R
Curve Q
_ V " a a - $ -  • —
-0-0-0 Curve S
3.5 4 .0 4 .5 5.0















A 204  
■ 206  
□ 212 +. 
♦ 215  
o 218  









x 4 Faruque (2004)
+ 6 Faruque (2004)
H/b0 d.,0 (m m ) bo/d5„ B/b„
Curve T 1 - 18 2.46 10.8 41.3
Curve U 6 -  18 0.71 37.5 41.3












4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
Logio(Uot/b0)




H/bo d5„ (mm) CO a
3
I Curve X 4 -  18 0 .7 1 -2 .4 6 41.3
| Curve Y 1 -3 2.46 41.3
♦  301 o 302
a 303 A 304
■ 306 □ 312
♦ 315 o  318
x  402 x  404
+ 406 - 4 1 8
4 .0 4 .5 5.0 5.5 6 .0
Logio(Uot/b0)
(C) F0 = 10
6.5 7.0 7 .5
Figure 4.7: Variation of length of the scour hole with time.
46







OBL -  Original Bed Level
-6
6020 30 40 50100
6










40 503010 200 x/b<
6




Fo = 10.0 






















•2 Fo= 10.0 







































3020 255 10 150
Figure 4.8: Scour geometry at asymptotic conditions.
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Figure 4.10: a) Sediment deposition.
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Figure 4.11: Curvilinear flow pattern near the ridge.
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Figure 4.16: a) Variation of asymptotic volume of the scour hole with F0.
b) Variation of curve fit parameters (M and N) with H/b0.
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The present study deals with local scour caused by square jets interacting with 
non-cohesive sand beds. The series of experiments cover a range of tailwater conditions, 
densimetric Froude numbers and nozzle size-to-grain size ratios. The main conclusions of 
this study are as follows:
1. Previous studies have recognized that the densimetric Froude number (F0) is the 
most important parameter that influences scour. The present study quantitatively 
identified the role of nozzle size-to-grain size ratio and tailwater depth. It has been 
observed that at a certain F0, the evolution of scour with time depends on nozzle 
size-to-grain size ratio, however, at the asymptotic state, the scour hole 
parameters were found to be less dependent on grain size.
2. It was found that there is a dependence of the maximum depth of the scour hole 
(sm) on tailwater depth but it is limited to H/b0 < 1 for F0 = 3.9, at F0 = 6.6 it is 
limited to H/b0 < 2, and at the highest value of F0, the effect of tailwater is 
significant for H/b0 < 3. Tailwater was found to have a minimal effect on the 
maximum width of the scour hole. The length of the scour hole was found to be 
sensitive to the tailwater depth at shallower conditions.
3. At an asymptotic state, the depth, width, and length o f the scour hole initially 
decrease with increasing tailwater depth, and after a certain tailwater depth, the 
values tend to increase slightly and attain constancy. This effect is more
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prominent at low F0. It should be noted that the trend seen in the present study is 
similar to earlier observation made by Ali and Lim (1986). However, the changes 
with tailwater are not as prominent as that noted by them.
4. In an effort to provide useful but simplified scour predicting equations at 
asymptotic conditions, it was assumed that the role of grain size was completely 
absorbed by densimetric Froude number. The present data supports this 
assumption. The relationships for predicting the geometric parameters of the 
scour hole have been proposed in terms of densimetric Froude number (F0) and 
tailwater depth. It has been found that the predictions based on the present study 
are more appropriate for a wide range of test conditions.
5. In this study, a differential deposition of fine and coarser particles at different 
locations in the scour hole and ridge was observed. Relatively coarser particles 
were transported straight downstream of the ridge because of their larger inertia, 
whereas, the finer particles were carried by the secondary curvilinear flow around 
the ridge and were deposited on the edges of the scour hole and also near the start 
o f the ridge.
6. The formation of migrating dunes and break up o f the dunes by turbulent bursts 
was found to occur in the tests with the finer sand. Any future modeling work 
will need to incorporate the role of turbulent bursts and the effect of grain size.
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5.2 Recommendations for future studies
The present study provided extensive observations of the scouring process due to 
a three-dimensional square wall jet on cohesionless sand beds. To further expand the 
scope, studies need to be carried out at higher densimetric Froude number (F0 > 10). To 
further clarify the effect of grain size, non-uniform sand beds need to be used in future 
studies. This will assist in further understanding the role of particle size separation.
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APPENDIX A: Uncertainty analysis and error estimation
A.l Introduction
The errors in experiments have two components: a fixed (bias) error and a random 
(precision) error (Abernethy and Benedict, 1985; Wheeler et al. 1996). An experimental 
analysis may involve various sources of error. Errors could be accidental errors, fixed 
errors and mistakes (Kline and McClintock, 1953), which are arbitrarily calibration 
errors, data acquisition errors, data reduction errors and conceptual errors. Each of these 
errors exhibits the bias (B) and precision (P) components, which can be calculated by 
using the root-sum-square (RSS) method as follows:
where n is the total number of error sources. In the RSS method the combining of bias 
and precision errors can be done by the following equation:
A.2 Uncertainties in velocity measurement
Yanta and Smith (1978) and Schwarz et al. (2002) developed a methodology for 
estimating uncertainty involved in LDA measurements. For the streamwise component of 
the mean velocity, the following equation was derived by them for measuring the 
uncertainty in streamwise velocity measurement,
B = ± ^ B 2 +B22 + B3 2 +  + Bn2
e  = ±t]b 2 + p 2
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Here a 0 is the error in beam-crossing angle, U is the streamwise component of mean 
velocity, u is the streamwise turbulence intensity, and N is the number of samples. A 
value of CT0 = 0.4 is used in the present analysis, following Schwarz et al. (2002).
Table A. 1: Typical uncertainty estimates for Test no. 318
Test no. Location (x, y) CT0 U (m/s) u (m/s) £E-u
o 5
318 26, 13.3 0.4 2.025 0.035 0.4
318 266, 13.3 0.4 1.329 0.314 0.4
318 531, 13.3 0.4 0.593 0.187 0.4
Table A .l shows the typical uncertainty estimates for different locations for Test 
318. One can note that the uncertainty involved in LDA measurement is mainly due to 
the error in beam-crossing angle.
A.3 M easurem ent errors
The calculations used in estimating the errors involved in different measurements 
are based on Topping (1957). Considering a measured quantity x0 units and recorded as x 
units, one can write the error (e) in x0 as,
x = x0 + e 
= x0 (1+f)
where f  = e/x0 and can be reffered as the fractional error in x0, or percentage error after 
multiplying by 100 (= 100e/xo).
Error in a product (for example, Q = ab) can be calculated as follows,
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Q = ab
= a0 ( l + f 1) x b o ( l + f 2)
~ aob0 (1 + fj + f2)
where fi and f2 are the fractional errors of a and b, respectively. Therefore, one can 
calculate the fractional error in the product of a and b by adding all the individual 
fractional error (fi + f2) in the quantities.
Error in a quotient (for example, Q = a/b) can be calculated as follows,
Q = a/b 
= a0 ( l + f , ) / b 0 ( l + f 2)
= a0/b0( l + f 1) ( l - f 2+ - - - )
~ ao/b0 (1 + f, - f2) .
Therefore, one can calculate the fractional error in the quotient o f a and b by taking the 
difference o f the individual fractional error (fj - f2) in the quantities. However, if  the signs 
of the two individual fractional errors are opposite, the maximum possible fractional error 
in the quotient is the summation of the two individual fractional errors (fi + f2).
It should be noted that the fractional error in two equal quantities is twice the 
fractional error in one o f them. Alternatively, one can note that the fractional error in 
square root of any product (for example, a1/2) is one half the fractional error in the 
quantity (a) (for details, see Topping, 1957). The errors calculated in the Table A-l are 
the maximum errors involved in the instruments that have been used for the 
measurements.
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Table A.2: Maximum errors in measured and derived quantities
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APPENDIX B: Experimental data
Table B. 1: Scour parameters at different times
Test no. 101
T im e, t L o g 10(U nt/bo) w Ls w /b0 W b„
(h) (m m ) (m m) (m m )
24 6.40 45.49 194 385 1.71 7.29 14.47
Test no. 102
T im e, t L o g 10(U ot/bo) Em w Ls Em^o w /b0 L s/b„
(h) (m m ) (mm) (m m )
0.167 4.25 22.08 74 256 0.83 2.78 9.62
1 5.02 27.41 95 283 1.03 3.57 10.64
3 5.50 29.5 104 290 1.11 3.91 10.90
17 6.25 29.7 128 290 1.12 4.81 10.90
20 6.32 29.7 135 290 1.12 5.08 10.90
24 6.40 29.7 135 288 1.12 5.08 10.83
Test no. 103
T im e, t L o g ,0(U ot/b0) Em w L, w /b0 W b „
(h) (m m ) (mm) (m m )
0.083 3.94 23.59 92 310 0.89 3.46 11.65
0.5 4 .72 26.93 111 315 1.01 4.17 11.84
1 5.02 27.52 125 320 1.03 4.70 12.03
2 5.32 27.7 128 324 1.04 4.81 12.18
6 5.80 27.75 132 328 1.04 4.96 12.33
15 6.20 27.75 139 330 1.04 5.23 12.41
24 6.40 27.75 140 330 1.04 5.26 12.41
Test no. 104
T im e, t L o g 10(U„t/b0) Em w Ls w /b0 Ls/b 0
(h) (m m ) (mm) (m m )
0.083 3 .94 22.00 80 317 0.83 3.01 11.92
0.33 4.54 24.33 97 330 0.91 3.65 12.41
5.5 5.76 29.87 132 356 1.12 4.96 13.38
17 6.25 31.29 149 356 1.18 5.60 13.38
19 6.30 31.28 153 356 1.18 5.75 13.38
24 6 .40 31.28 154 355 1.18 5.79 13.35
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Test no. 106
T im e, t L o g ,0(U ot/bo) w Ls w /b0 Ls/b 0
(h) (m m ) (m m) (m m )
0.167 4.25 20.18 84 323 0.76 3.16 12.14
0.5 4.72 23.01 103 360 0.87 3.87 13.53
1 5.02 26.11 111 365 0.98 4.17 13.72
4 5.63 28.83 126 367 1.08 4.74 13.80
6 5.80 29.98 130 370 1.13 4.89 13.91
15 6.20 30.10 143 370 1.13 5.38 13.91
24 6 .40 30.06 145 370 1.13 5.45 13.91
Test no. 112
T im e, t Logio(U„t/b0) em vv Ls w /b 0 Ls/b 0
(h) (m m ) (m m) (m m )
0.083 3.94 20.30 76 360 0.76 2.86 13.53
1 5.02 27.55 110 365 1.04 4.14 13.72
6 5.80 29 .30 126 370 1.10 4.74 13.91
12 6 .10 29.30 128 370 1.10 4.81 13.91
24 6.40 29.34 132 370 1.10 4.96 13.91
Test no. 115
T im e, t Logio(U0t/b0) w Ls £m/b0 w /b0 Ls/b 0
(h) (m m ) (m m) (m m )
0.167 4.25 20.87 83 365 0.78 3.12 13.72
1 5.02 23.53 98 368 0.88 3.68 13.83
5 5.72 28.23 115 370 1.06 4.32 13.91
12 6.10 28.43 122 376 1.07 4.59 14.14
24 6 .40 28.44 127 376 1.07 4.77 14.14
Test no. 118
T im e, t L ogj0(U 0t/bo) Em w Ls w /b 0 Ls/b 0
(h) (m m ) (mm) (m m )
0.083 3.94 20.10 80 348 0.76 3.01 13.08
0.25 4.42 21.91 85 363 0.82 3.20 13.65
0.5 4 .72 24.63 93 365 0.93 3.50 13.72
2 5.32 26.48 104 367 1.00 3.91 13.80
12 6.10 27.44 122 370 1.03 4.59 13.91
15 6.20 27.50 125 370 1.03 4.70 13.91
24 6.40 27.50 128 371 1.03 4.81 13.95
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Test no. 201
T im e, t L o g i0(U„t/bo) w Ls e m/b„ w /b 0 Ls/b 0
(h) (m m ) (m m ) (m m )
24 6.63 75.41 340 600 2.83 12.78 22.56
Test no. 202
T im e, t L o g IO(U 0t/b0) em w Ls w /b 0 T,' b„
(h) (m m ) (mm) (m m )
1 5.25 65.44 218 537 2.46 8.20 20.20
J 5.73 68.36 235 553 2.57 8.83 20.80
6 6.03 69.27 250 559 2 .60 9.40 21.00
24 6.63 69.92 259 585 2.63 9.74 21.99
Test no. 203
Tim e, t L o g 10(U ot/bo) Em w Ls Em/b0 w /b 0 Ls/b 0
(h) (m m ) (m m) (m m )
0.167 4.47 40.49 170 495 1.52 6.39 18.61
0.33 4.77 46.01 180 520 1.73 6.77 19.55
1 5.25 52.12 205 540 1.96 7.71 20.30
nJ 5.73 59.39 220 545 2.23 8.27 20.49
6 6.03 61.12 222 550 2 .30 8.35 20.68
10 6.25 61.50 235 560 2.31 8.83 21.05
22 6.59 61.50 246 564 2.31 9.25 21.20
24 6.63 61.54 246 563 2.31 9.25 21.17
Test no. 204
Time, t L o g ,0(U„t/bo) Em w Ls Eir/b0 w /b 0 1 ! ■ r a
5
o
(h) (m m ) (m m) (m m )
0.25 4.65 42.03 186 500 1.58 6.99 18.80
0.5 4.95 46.77 200 510 1.76 7.52 19.17
1 5.25 50.54 201 530 1.90 7.56 19.92
3 5.73 55.85 209 545 2.10 7.86 20.49
6 6.03 59.81 214 545 2.25 8.05 20.49
12 6.33 60.20 228 545 2 .26 8.57 20.49
24 6.63 60.12 228 546 2 .26 8.57- 20.53
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Test no. 206
Tim e, t L o g IO(U„t/b0) Em w Ls Em/bo w /b 0 L s/b 0
(h) (m m ) (mm) (m m)
1 5.25 50.01 205 508 1.88 7.71 19.10
5.73 56.13 232 521 2.11 8.72 19.60
6 6.03 57.10 245 527 2.15 9.21 19.80
24 6.63 57.19 255 525 2.15 9 .59 19.74
Test no. 212
Time, t L o g 10(U ot/b o) Em w Ls Em^o w /b 0 L s/b 0
(h) (m m ) (mm) (m m )
0.083 4.17 39.88 150 520 1.50 5.65 19.55
0.25 4.65 47.49 170 545 1.79 6 .40 20.49
0.5 4.95 50.81 186 545 1.91 7 .00 20.49
1 5.25 55.86 197 546 2 .10 7.40 20.53
2 5.55 59.32 205 547 2.23 7 .70 20.56
3.5 5.79 60.53 209 547 2 .28 7.85 20 .56
5 5.95 61.02 217 549 2 .29 8.14 20.64
15 6.42 61.83 240 550 2 .32 9.04 20.68
20 6.55 62.05 247 550 2.33 9.27 20.68
24 6.63 61.90 248 550 2.33 9.32 20.68
Test no. 215
Time, t L o g lo(U 0t/b0) w Ls Em/h0 w/b„ L s/b 0
(h) (m m ) (mm) (m m )
0.083 4.17 39.61 148 498 1.49 5 .56 18.72
0.25 4.65 45.62 173 520 1.72 6 .50 19.55
0.5 4.95 50.25 189 520 1.89 7.11 19.55
1 5.25 53.20 196 520 2 .00 7.37 19.55
2 5.55 56.28 209 534 2.12 7.86 20 .08
6 6.03 58.23 224 543 2.19 8.42 20.41
12 6.33 59.95 225 545 2.25 8.46 20 .49
15 6.42 60.62 234 550 2 .28 8.80 20.68
20 6.55 61.45 240 550 2.31 9.02 20.68
24 6.63 61.65 240 550 2 .32 9.02 20.68
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Test no. 218
T im e, t L o g 10(U„t/bo) w L, w /b 0 T,/b0
(h) (m m ) (mm) (m m )
0.083 4.17 42.23 155 520 1.59 5.83 19.55
0.25 4 .65 49 .07 170 530 1.84 6.39 19.92
0.5 4.95 52.40 183 540 1.97 6.88 20.30
1 5.25 56.26 203 540 2.12 7.63 20.30
3 5.73 57.29 211 540 2.15 7.93 20 .30
6 6.03 58.54 216 540 2.20 8.12 20.30
12 6.33 58.69 232 540 2.21 8.72 20 .30
24 6.63 58.74 234 539 2.21 8.80 20 .26
Test no. 301
T im e, t L o g ,0(U„t/bo) w  Ls w/b„ Ls/b 0
(h) (m m ) (m m) (m m )
24 6.81 106.42 534 840 4.00 20.08 31.58
Test no. 302
T im e, t L og,o(U 0t/b0) w L s em/b„ w /b 0 W b„
(h) (m m ) (mm) (m m )
24 6.81 106.08 420 830 3.99 15.79 31.20
Test no. 303
T im e, t L o g 10(U„t/b„) w L s w /bn Ij,/b()
(h) (m m ) (mm) (m m )
0.083 4.35 62.14 238 663 2.34 8.95 24.92
0.25 4.83 75.01 257 693 2.82 9.66 26 .05
0.5 5.13 82.58 280 729 3.10 10.53 27 .40
1 5.43 92.04 310 761 3.46 11.65 2 8 .60
->J 5.91 101.88 335 808 3.83 12.59 30.38
4 6.03 102.98 345 820 3.87 12.97 30.83
7 6.28 103.29 370 820 3.88 13.91 30.83
12 6.51 103.54 395 820 3.89 14.85 30.83
24 6.81 103.57 400 820 3.89 15.04 30.83
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Test no. 304
T im e, t L o g IO(U„t/b0) w Ls w/b0 Ls/b 0
(h) (m m ) (mm) (m m )
0.25 4.83 68.36 253 695 2.57 9.50 26.13
0.5 5.13 76.61 275 700 2.88 10.34 26.32
1 5.43 83.79 298 720 3.15 11.20 27 .07
3 5.91 93.24 347 750 3.51 13.05 28 .20
12 6.51 95.50 400 790 3 .59 15.04 29 .70
24 6.81 95.69 410 795 3.60 15.41 29 .89
Test no. 306
T im e, t Logio(U0t/b0) w Ls w /b0 Ls/b 0
(h) (m m ) (mm) (m m )
0.083 4.35 58.60 235 630 2 .20 8.83 23.68
0.75 5.31 75.72 285 663 2.85 10.71 24 .92
3.5 5.98 86.19 317 720 3.24 11.92 27 .07
11 6.47 89.97 372 760 3.38 14.00 28 .57
16 6.64 91.03 388 775 3.42 14.59 29 .14
24 6.81 91.07 390 780 3.42 14.66 29 .32
48 7.11 91.10 390 782 3.42 14.66 29 .40
72 7.29 91.00 390 783 3.42 14.66 29 .44
Test no. 312
T im e, t L o g 10(U ot/b0) w Ls w /b0 Ls/b 0
(h) (m m ) (mm) (m m )
0.083 4.35 56.03 225 635 2.11 8.46 23 .87
0.25 4.83 65.42 250 650 2 .46 9.40 24 .44
0.5 5.13 70.41 271 670 2.65 10.19 25 .19
1 5.43 76.30 286 680 2 .87 10.75 25 .56
2 5.73 81.29 306 710 3 .06 11.50 26 .69
5.91 84.40 320 733 3.17 12.03 27 .56
13 6.55 93.51 367 775 3.52 13.80 29 .14
15 6.61 93.80 368 780 3.53 13.83 29 .32
24 6.81 93.85 368 780 3.53 13.83 29 .32
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Test no. 315
T im e, t Logio(U0t/b0) Em w Ls e m/b 0 w /b 0 Ls/b 0
(h) (m m ) (m m ) (m m)
0.083 4.35 56.06 249 630 2.11 9.36 23.68
0.25 4.83 68.41 260 638 2.57 9.77 23.98
0.5 5.13 74.11 278 665 2.79 10.45 25.00
1 5.43 79.52 298 687 2.99 11.20 25.83
2 5.73 84.19 316 710 3.17 11.88 26.69
3.5 5.98 86.76 328 730 3.26 12.33 27.44
6.5 6.25 89.67 339 760 3.37 12.74 28.57
8 6.34 89.38 341 765 3.36 12.82 28.76
10 6.43 89.93 348 770 3.38 13.08 28.95
16 6.64 90.2 354 780 3.39 13.31 29.32
24 6.81 90.24 355 780 3.39 13.35 29.32
Test no. 318
T im e, t L o g 10(U ot/bo) e m w Ls în'bn w /b 0 Ls/b 0
(h) (m m ) (m m) (m m )
0.083 4.35 52.56 230 638 1.98 8.65 23.98
0.25 4.83 68.48 260 645 2.57 9.77 24.25
0.75 5.31 77.14 285 676 2.90 10.70 25.41
1 5.43 79.27 293 693 2.98 11.02 26.05
3 5.91 90.13 324 740 3.39 12.18 27.82
6 6.21 91.56 355 780 3.44 13.35 29.32
12 6.51 92.46 365 790 3.48 13.72 29.70
15 6.61 92.39 365 790 3.47 13.72 29.70
20 6.73 92.35 366 790 3.47 13.76 29.70
24 6.81 92.38 367 790 3.47 13.80 29.70
Test no. 402
T im e, t Logio(U0t/b0) em w Ls ^ni'b0 w/b0 Ls/b0
(h) (m m ) (m m ) (m m )
0 .5 4 .8 6 5 5 .3 3 2 2 0 5 1 0 2 .0 8 8 .2 7 1 9 .1 7
1.5 5 .3 4 6 5 .9 7 2 6 0 5 9 8 2 .4 8 9 .7 7 2 2 .4 8
3 5 .6 4 7 0 .7 6 2 8 7 6 8 0 2 .6 6 1 0 .7 9 2 5 .5 6
16 6 .3 7 8 4 .0 6 3 4 8 7 7 8 3 .1 6 1 3 .0 8 2 9 .2 5
18 6 .4 2 8 5 .3 9 36 0 7 8 0 3 .21 1 3 .5 3 2 9 .3 2
2 6 6 .5 8 8 9 .6 8 3 8 0 7 9 8 3 .3 7 1 4 .2 9 3 0 .0 0
4 5 6 .8 2 9 4 .6 8 4 2 0 8 3 0 3 .5 6 1 5 .7 9 3 1 .2 0
64 6 .9 7 9 4 .7 4 4 3 6 8 4 0 3 .5 6 1 6 .3 9 3 1 .5 8
71 7 .0 2 9 4 .9 6 4 4 4 8 4 6 3 .5 7 1 6 .6 9 3 1 .8 0
96 7 .1 5 9 4 .91 4 4 5 8 5 0 3 .5 7 1 6 .7 3 3 1 .9 5
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Test no. 404
Time, t Log,0(Uot/bo) w L s w/b0 Ls/b„
(h) (mm) (mm) (mm)
0.083 4.08 38.86 145 450 1.46 5.45 16.92
0.5 4.86 50.01 219 577 1.88 8.23 21.69
1 5.16 56.94 247 635 2.14 9.29 23.87
2.5 5.56 63.12 272 690 2.37 10.23 25.94
4.5 5.82 72.07 285 718 2.71 10.71 26.99
17 6.40 79.81 341 748 3.00 12.82 28.12
24 6.55 84.91 358 770 3.19 13.46 28.95
28 6.61 86.31 370 775 3.24 13.91 29.14
43 6.80 86.89 392 790 3.27 14.74 29.70
51 6.87 88.90 406 790 3.34 15.26 29.70
72 7.02 88.99 426 795 3.35 16.02 29.89
76 7.05 88.93 435 804 3.34 16.35 30.23
90 7.12 89.10 438 805 3.35 16.47 30.26
96 7.15 89.13 438 805 3.35 16.47 30.26
120 7.24 89.01 145 450 3.35 5.45 16.92
Test no. 406
Time, t Log10(Unt/b o) w L s w/b0 L s/b 0
(h) (mm) (mm) (mm)
0.083 4.08 36.70 160 513 1.38 6.02 19.29
0.25 4.56 43.39 193 565 1.63 7.26 21.24
0.5 4.86 52.20 223 620 1.96 8.38 23.31
1 5.16 57.71 237 630 2.17 8.91 23.68
3 5.64 65.52 270 655 2.46 10.15 24.62
24 6.55 84.69 335 750 3.18 12.59 28.20
48 6.85 89.49 365 760 3.36 13.72 28.57
72 7.02 90.49 385 770 3.40 14.47 28.95
96 7.15 91.53 395 785 3.44 14.85 29.51
114 7.22 91.94 403 795 3.46 15.15 29.89
120 7.24 92.01 403 795 3.46 15.15 29.89
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Test no. 418
T im e, t L o g lo(U 0t/b0) s m___________w___________ L,______ s m/b 0 w/b„ L 5/b„
(h) (m m ) (m m ) (m m ) ________
0.083________ 4 0 8 ________ 39.58 175 540 1.49 6.58 20.30
0.25_________4 5 6 ________ 47.87 195 600 1.80 7.33 22.56
0.5_________ 4 8 6 _________52.21 215 625 1.96 8.08 23.50
1__________ 5J_6________ 56.45 233 650 2.12 8.76 24.44
3__________ 5J34________ 65.66 273 700 2.47 10.26 26.32
6__________ 5J34_________ 71.3 305 720 2.68 11.47 27.07
10__________6 J 6 ________ 76.32 317 747 2.87 11.92 28.08
24__________6J35________ 82.05 350 768 3.08 13.16 28.87
32__________6137________ 84.29 355 768 3.17 13.35 28.87
48__________6135________ 86.58 370 765 3.25 13.91 28.76
58__________6133________ 87.96 380 766 3.31 14.29 28.80
72__________ 7JYZ_________ 89.1 386 773 3.35 14.51 29.06
84__________7139________ 89.32 393 775 3.36 14.77 29.14
96 7.15 89.35 393 775 3.36 14.77 29.14
Test no. 506
Time, t Log10(Uot/b„) em w L s w/b0 L s/b0
(h) (mm) (mm) (mm)
0.08 3.90 19.97 95 345 0.75 3.57 12.97
0.25 4.38 25.62 117 428 0.96 4.40 16.09
0.5 4.68 29.98 128 463 1.13 4.81 17.41
1 4.98 34.58 172 505 1.30 6.47 18.98
6 5.76 47.09 202 553 1.77 7.59 20.79
20 6.28 53.88 212 545 2.03 7.97 20.49
25 6.38 53.92 219 545 2.03 8.23 20.49
32 6.49 54.25 225 545 2.04 8.46 20.49
44 6.63 54.37 234 545 2.04 8.80 20.49
53 6.71 55.48 239 545 2.09 8.98 20.49
72 6.84 57.58 244 545 2.16 9.17 20.49
96 6.96 57.79 246 545 2.17 9.25 20.49
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Test no. 518
Time, t Log10(U „t/bo) w L s w/b0 L s/b0
(h) (mm) (mm) (mm)
0.08 3.90 18.59 80 365 0.70 3.01 13.72
0.17 4.21 25.63 102 410 0.96 3.83 15.41
0.25 4.38 28.89 115 425 1.09 4.32 15.98
0.5 4.68 31.68 127 437 1.19 4.77 16.43
1 4.98 35.34 146 470 1.33 5.49 17.67
3 5.46 42.26 167 520 1.59 6.28 19.55
6 5.76 45.45 186 545 1.71 6.99 20.49
23 6.34 49.64 207 560 1.87 7.78 21.05
33 6.50 52.20 218 565 1.96 8.20 21.24
41 6.60 54.43 220 570 2.05 8.27 21.43
53 6.71 56.39 229 570 2.12 8.61 21.43
77 6.87 57.95 237 570 2.18 8.91 21.43
96 6.96 58.00 238 570 2.18 8.95 21.43
Test no. 606
Time, t Log10(Uot/b„) Em w L s w/b0 L s/b0
(h) (mm) (mm) (mm)
0.17 3.98 14.36 60 225 0.54 2.26 8.46
0.5 4.45 19.68 73 255 0.74 2.74 9.59
2 5.06 21.49 86 290 0.81 3.23 10.90
3 5.23 22.08 97 310 0.83 3.65 11.65
10 5.75 24.52 102 320 0.92 3.83 12.03
21 6.08 26.30 109 333 0.99 4.10 12.52
24 6.13 26.73 112 344 1.00 4.21 12.93
27 6.19 27.10 113 346 1.02 4.25 13.01
40 6.36 27.91 115 350 1.05 4.32 13.16
48 6.44 28.89 120 355 1.09 4.51 13.35
65 6.57 28.99 124 355 1.09 4.66 13.35
72 6.61 29.11 124 355 1.09 4.66 13.35
96 6.74 29.12 124 355 1.09 4.66 13.35
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Table B.3: Scour hole perimeters
Test no. 101 Test no. 102
x (mm) z (mm) x/b0 z/b„ x (mm) z (mm) x/b0 z/b„
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -35 1.88 -1.32 50 -30 1.88 -1.13
75 -48 2.82 -1.80 75 -42 2.82 -1.58
100 -56 3.76 -2.11 100 -55 3.76 -2.07
125 -70 4.70 -2.63 125 -64 4.70 -2.41
150 -83 5.64 -3.12 150 -74 5.64 -2.78
175 -92 6.58 -3.46 175 -78 6.58 -2.93
200 -103 7.52 -3.87 200 -80 7.52 -3.01
225 -110 8.46 -4.14 225 -80 8.46 -3.01
250 -110 9.40 -4.14 250 -68 9.40 -2.56
275 -100 10.34 -3.76 275 -48 10.34 -1.80
300 -85 11.28 -3.20 293 -20 11.02 -0.75
325 -68 12.22 -2.56 288 0 10.83 0.00
350 -50 13.16 -1.88 275 20 10.34 0.75
375 -25 14.10 -0.94 250 40 9.40 1.50
385 0 14.47 0.00 225 50 8.46 1.88
375 27 14.10 1.02 200 55 7.52 2.07
350 61 13.16 2.29 175 53 6.58 1.99
325 84 12.22 3.16 150 52 5.64 1.95
300 90 11.28 3.38 125 45 4.70 1.69
275 93 10.34 3.50 100 40 3.76 1.50
250 89 9.40 3.35 75 35 2.82 1.32
225 85 8.46 3.20 50 30 1.88 1.13
200 80 7.52 3.01 0 13.3 0.00 0.50
175 75 6.58 2.82
150 65 5.64 2.44
125 56 4.70 2.11
100 49 3.76 1.84
75 38 2.82 1.43
50 30 1.88 1.13
0 13.3 0.00 0.50
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Test no. 103 Test no. 104
x (m m ) z (m m ) x/b0 z/b„ x (m m ) z (m m ) x/b0 z/b„
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -28 1.88 -1.05 50 -33 1.88 -1.24
75 -35 2.82 -1.32 75 -42 2.82 -1.58
100 -42 3.76 -1.58 100 -50 3.76 -1.88
125 -48 4.70 -1.80 125 -55 4.70 -2.07
150 -55 5.64 -2.07 150 -62 5.64 -2.33
175 -60 6.58 -2.26 175 -67 6.58 -2.52
200 -66 7.52 -2.48 200 -72 7.52 -2.71
225 -70 8.46 -2.63 225 -75 8.46 -2.82
250 -70 9.40 -2.63 250 -76 9.40 -2.86
275 -67 10.34 -2.52 275 -73 10.34 -2.74
300 -53 11.28 -1.99 300 -70 11.28 -2.63
325 -15 12.22 -0.56 325 -47 12.22 -1.77
330 0 12.41 0.00 350 -22 13.16 -0.83
325 25 12.22 0.94 355 0 13.35 0.00
300 67 11.28 2.52 350 20 13.16 0.75
275 80 10.34 3.01 325 52 12.22 1.95
250 75.2 9.40 2.83 300 73 11.28 2.74
225 70 8.46 2.63 275 79 10.34 2.97
200 66 7.52 2.48 250 78 9.40 2.93
175 62 6.58 1 . 0 3 225 75 8.46 2.82
150 56 5.64 2.11 200 70 7.52 2.63
125 48 4.70 1.80 175 65 6.58 2.44
100 40 3.76 1.50 150 60 5.64 2.26
75 30 2.82 1.13 125 52 4 .70 1.95
50 22 1.88 0.83 100 45 3.76 1.69
0 13.3 0.00 0.50 75 35 2.82 1.32
50 28 1.88 1.05
0 13.3 0.00 0.50
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Test no. 106 Test no. 112
x (m m ) z (m m) x/b„ z/b„ x (m m ) z (m m ) x /b 0 z/b„
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -34 1.88 -1.28 50 -32 1.88 -1.20
75 -40 2.82 -1.50 75 -35 2.82 -1.32
100 -49 3.76 -1.84 100 -38 3.76 -1.43
125 -52 4.70 -1.95 125 -45 4.70 -1.69
150 -59 5.64 -2.22 150 -50 5.64 i b
o 00
175 -62 6.58 -2.33 175 -54 6.58 -2.03
200 -66 7.52 -2.48 200 -58 7.52 -2.18
225 -68 8.46 -2.56 225 -65 8.46 -2.44
250 -68 9.40 -2.56 250 -67 9.40 -2.52
275 -70 10.34 -2.63 275 -65 10.34 -2.44
300 -65 11.28 -2.44 300 -63 11.28 -2.37
325 -54 12.22 -2.03 325 -52 12.22 -1.95
350 -34 13.16 -1.28 350 -26 13.16 -0.98
370 0 13.91 0.00 370 0 13.91 0.00
350 45 13.16 1.69 350 38 13.16 1.43
325 72 12.22 2.71 325 52 12.22 1.95
300 77.8 11.28 2.92 300 65 11.28 2.44
275 75 10.34 2.82 275 66 10.34 2.48
250 72 9.40 2.71 250 65 9.40 2.44
225 70 8.46 2.63 225 62 8.46 2.33
200 67 7.52 2.52 200 60 7.52 2.26
175 61 6.58 2.29 175 55 6.58 2.07
150 54 5.64 2.03 150 50 5.64 1.88
125 50 4.70 1.88 125 43 4 .70 1.62
100 40 3.76 1.50 100 35 3.76 1.32
75 32 2.82 1.20 75 30 2.82 1.13
50 30 1.88 1.13 50 23 1.88 0.86
0 13.3 0.00 0.50 0 13.3 0.00 0.50
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Test no. 115 Test no. 118
x (m m ) z (m m ) x/b„ z/b0 x (m m) z (m m ) x /b 0 z/b0
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -29 1.88 -1.09 50 -30 1.88 -1.13
75 -35 2.82 -1.32 75 -35 2 .82 -1.32
100 -39 3.76 -1.47 100 -40 3.76 -1.50
125 -45 4.70 -1.69 125 -45 4.70 -1.69
150 -47 5.64 -1.77 150 -52 5 .64 -1.95
175 -52 6.58 -1.95 175 -55 6 .58 -2.07
200 -58 7.52 -2.18 200 -59 7 .52 -2.22
225 -60 8.46 -2.26 225 -60 8.46 -2.26
250 -62 9.40 -2.33 250 -63 9 .40 -2.37
275 -62 10.34 -2.33 275 -65 10.34 -2.44
300 -58 11.28 -2.18 300 -60 11.28 -2.26
325 -52 12.22 -1.95 325 -45 12.22 -1.69
350 -27 13.16 -1.02 350 -32 13.16 -1.20
376 0 14.14 0.00 371 0 13.95 0.00
350 45 13.16 1.69 350 40 13.16 1.50
325 68 12.22 2.56 325 55 12.22 2.07
300 67.2 11.28 2.53 300 60 11.28 2.26
275 65 10.34 2.44 275 62 10.34 2.33
250 63 9.40 2.37 250 65 9 .40 2.44
225 60 8.46 2.26 225 64 8.46 2.41
200 58 7.52 2.18 200 58 7.52 2.18
175 53 6.58 1.99 175 54 6.58 2.03
150 46 5.64 1.73 150 46 5.64 1.73
125 40 4 .70 1.50 125 40 4 .7 0 1.50
100 35 3.76 1.32 100 32 3.76 1.20
75 30 2.82 1.13 75 30 2 .82 1.13
50 20 1.88 0.75 50 25 1.88 0.94
0 13.3 0.00 0.50 0 13.3 0 .00 0.50
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Test no. 201 T est  no. 202
x (m m ) z (m m ) x/b0 z/b0 x (m m ) z (m m ) x/b0 z/b„
0 -13.3 0.00 -0.50 0 -I J.J 0.00 -0.50
50 -30 1.88 -1.13 50 -55 1.88 -2.07
100 -65 3.76 -2.44 100 -90 3.76 -3.38
150 -90 5.64 -3.38 150 -115 5.64 -4.32
200 -120 7.52 -4.51 200 -128 7.52 -4.81
250 -135 9.40 -5.08 250 -136 9.40 -5.11
300 -157 11.28 -5.90 300 -136 11.28 -5.11
350 -163 13.16 -6.13 350 -134 13.16 -5.04
400 -147 15.04 -5.53 400 -130 15.04 -4.89
450 -129 16.92 -4.85 450 -120 16.92 -4.51
500 -105 18.80 -3.95 500 -100 18.80 -3.76
550 -61 20.68 -2.29 550 -70 20 .68 -2.63
600 0 22.56 0.00 585 0 21 .99 0.00
550 65 20.68 2.44 550 60 20 .68 2.26
500 90 18.80 3.38 500 90 18.80 3.38
450 120 16.92 4.51 4 50 115 16.92 4.32
400 146 15.04 5.49 400 122 15.04 4.59
350 162 13.16 6.09 350 125 13.16 4.70
300 150 11.28 5.64 300 115 11.28 4.32
250 130 9.40 4.89 2 50 102 9.40 3.83
200 115 7.52 4.32 200 95 7.52 3.57
150 90 5.64 3.38 150 75 5.64 2.82
100 65 3.76 2.44 100 60 3.76 2.26
50 30 1.88 1.13 50 40 1.88 1.50
0 13.3 0.00 0.50 0 13.3 0.00 0.50
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Test no. 203 T est  no. 204
x (m m ) z (m m ) x/b„ z/b„ x (m m ) z (m m ) x/b0 z/b„
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -40 1.88 -1.50 50 -35 1.88 -1.32
75 -52 2.82 -1.95 100 -55 3.76 -2.07
too -60 3.76 -2.26 150 -70 5.64 -2.63
125 -70 4.70 -2.63 200 -84 7.52 -3.16
150 -75 5.64 -2.82 250 -93 9.40 -3.50
175 -80 6.58 -3.01 300 -102 11.28 -3.83
2 00 -86 7.52 -3.23 350 -108 13.16 -4.06
225 -93 8.46 -3.50 400 -108 15.04 -4.06
250 -100 9.40 -3.76 450 -100 16.92 -3.76
275 -106 10.34 -3.98 500 -75 18.80 -2.82
300 -115 11.28 -4.32 546 0 20.53 0.00
325 -120 12.22 -4.51 500 91 18.80 3.42
350 -122 13.16 -4.59 450 118 16.92 4.44
375 -122 14.10 -4.59 400 124 15.04 4.66
400 -120 15.04 -4.51 350 124 13.16 4.66
425 -120 15.98 -4.51 300 116 11.28 4.36
450 -110 16.92 -4 3 4 250 103 9.40 3.87
475 -95 17.86 -3.57 200 88 7.52 3.31
500 -80 18.80 -3.01 150 72 5.64 2.71
525 -55 19.74 -2.07 100 55 3.76 2.07
550 -25 20.68 -0.94 50 30 1.88 1.13
563 0 21.17 0.00 0 13.3 0.00 0.50
550 55 20.68 2.07
525 82 19.74 3.08
500 103 18.80 3.87
475 115 17.86 4 J 2
450 120 16.92 4.51
425 122 15.98 4.59
400 125 15.04 4.70
375 124 14.10 4.66
350 120 13.16 4.51
325 116 12.22 4 3 6
300 112 11.28 4 2 1
275 110 10.34 4.14
250 103 9.40 3.87
225 100 8.46 3.76
200 90 7.52 3 3 8
175 85 6.58 3 2 0
150 70 5.64 2.63
125 65 4.70 2.44
100 55 3.76 2.07
75 40 2.82 13 0
50 30 1.88 1 . 0
0 13.3 0.00 0 3 0
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T est no. 206 Test no. 212
x (m m ) z (m m ) x/b0 z/b0 x (m m ) z (m m ) x /b 0 z /b 0
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -29 1.88 -1.09 50 -37 1.88 -1.39
100 -47 3.76 -1.77 75 -47 2.82 -1.77
150 -62 5.64 -2.JJ 100 -60 3 .76 -2.26
200 -79 7.52 -2.97 125 -65 4.70 -2.44
250 -97 9.40 -3.65 150 -76 5.64 -2.86
300 -114 11.28 -4.29 175 -88 6.58 -3.31
350 -115 13.16 -4.32 200 -95 7.52 -3.57
400 -108 15.04 -4.06 225 -103 8.46 -3.87
450 -91 16.92 -3.42 250 -110 9.40 -4.14
500 -52 18.80 -1.95 275 -115 10.34 -4.32
525 0 19.74 0.00 300 -120 11.28 -4.51
500 59 18.80 2.22 325 -122 12.22 -4.59
450 117 16.92 4.40 350 -125 13.16 -4.70
400 135 15.04 5.08 375 -120 14.10 -4.51
350 140 13.16 5.26 400 -117 15.04 -4.40
300 130 11.28 4.89 425 -110 15.98 -4.14
250 114 9.40 4.29 450 -100 16.92 -3.76
200 92 7.52 3.46 475 -89 17.86 -3.35
150 73 5.64 2.74 500 -74 18.80 -2.78
100 52 3.76 1.95 525 -50 19.74 -1.88
50 35 1.88 1.32 550 0 20 .68 0.00
0 13.3 0.00 0.50 525 56 19.74 2.11
500 83 18.80 3.12
475 93 17.86 3.50
450 105 16.92 3.95
425 115 15.98 4.32
400 126 15.04 4.74
375 120 14.10 4.51
350 123 13.16 4.62
325 120 12.22 4.51
300 116 11.28 4.36
275 110 10.34 4.14
250 105 9 .40 3.95
225 100 8.46 3.76
200 90 7.52 3.38
175 83 6.58 3.12
150 70 5.64 2.63
125 60 4 .70 2 .26
100 52 3.76 1.95
75 43 2.82 1.62
50 30 1.88 1.13
0 13.3 0.00 0.50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Test no. 215
x ( m m )  z (m m ) x/b0 z /b0
0 -13.3 0.00 -0.50
50 -35 1.88 -1.32
100 -51 3.76 -1.92
150 -68 5.64 -2.56
200 -84 7.52 -3.16
250 -100 9.40 -3.76
300 -114 11.28 -4.29
350 -120 13.16 -4.51
400 -118 15.04 -4.44
450 -100 16.92 -3.76
500 -75 18.80 -2.82
550 0 20.68 0.00
500 82 18.80 3.08
450 106 16.92 3.98
400 120 15.04 4.51
350 120 13.16 4.51
300 112 11.28 4.21
250 103 9.40 3.87
200 83 7.52 3.12
150 66 5.64 2.48
100 50 3.76 1.88
50 30 1.88 1.13
0 13.3 0.00 0.50
Test no. 218
x (m m ) z (m m ) x/b„ z /b 0
0 -13.3 0.00 -0.50
50 -35 1.88 -1.32
100 -50 3.76 -1.88
150 -65 5.64 -2.44
200 -80 7.52 -3.01
250 -96 9.40 -3.61
300 -103 11.28 -3.87
350 -114 13.16 -4.29
400 -115 15.04 -4.32
450 -95 16.92 -3.57
500 -60 18.80 -2.26
539 0 20 .26 0.00
500 75 18.80 2.82
450 107 16.92 4.02
400 115 15.04 4.32
350 120 13.16 4.51
300 110 11.28 4.14
250 97 9.40 3.65
200 85 7.52 3.20
150 65 5.64 2.44
100 45 3.76 1.69
50 30 1.88 1.13
0 13.3 0.00 0.50
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Test no. 301 T est  no. 3 02
x (m m ) z (m m ) x/b„ z/b„ x (m m ) z (m m ) x/b0 z/b„
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -85 1.88 -3.20 50 -48 1.88 -1.80
100 -150 3.76 -5.64 100 -78 3.76 -2.93
150 -185 5.64 -6.95 150 -100 5.64 -3.76
200 -220 7.52 -8.27 200 -130 7.52 -4.89
250 -240 9.40 -9.02 250 -155 9.40 -5.83
300 -260 11.28 -9.77 300 -177 11.28 -6.65
350 -268 13.16 -10.08 350 -200 13.16 -7.52
400 -265 15.04 -9.96 400 -220 15.04 -8.27
450 -255 16.92 -9.59 450 -218 16.92 -8.20
500 -226 18.80 -8.50 500 -215 18.80 -8.08
550 -210 20.68 -7.89 550 -195 20.68 -7.33
600 -196 22.56 -7.37 600 -175 22 .56 -6.58
650 -180 24.44 -6.77 650 -160 24 .44 -6.02
700 -170 26.32 -6.39 700 -145 26.32 -5.45
750 -144 28 .20 -5.41 750 -122 28.20 -4.59
800 -105 30.08 -3.95 800 -73 30.08 -2.74
840 0 31.58 0.00 830 0 31.20 0.00
800 115 30.08 4.32 800 100 30.08 3.76
750 162 28.20 6.09 750 140 28 .20 5.26
700 191 26.32 7.18 700 160 26.32 6.02
650 2 09 24.44 7.86 650 172 24.44 6.47
600 221 22.56 8.31 600 183 22 .56 6.88
550 235 20.68 8.83 550 200 20.68 7.52
500 242 18.80 9.10 500 210 18.80 7.89
450 260 16.92 9.77 450 215 16.92 8.08
400 265 15.04 9.96 400 200 15.04 7.52
350 266 13.16 10.00 350 187 13.16 7.03
300 255 11.28 9.59 300 172 11.28 6.47
250 230 9.40 8.65 250 158 9.40 5.94
200 195 7.52 7.33 200 140 7.52 5.26
150 160 5.64 6.02 150 120 5.64 4.51
100 115 3.76 4.32 100 90 3.76 3.38
50 60 1.88 2.26 50 55 1.88 2.07
0 13.3 0.00 0.50 0 13.3 0.00 0.50
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Test no. 303 Test no. 3 0 4
x (m m ) z (m m ) x/b0 z/b0 x (m m) z (m m ) x /b 0 z/b0
0 -13.3 0.00 -0.50 0 -13.3 0 .00 -0.50
50 -45 1.88 -1.69 50 -45 1.88 -1.69
100 -70 3.76 -2.63 100 -65 3 .76 -2.44
150 -95 5.64 -3.57 150 -95 5.64 -3.57
2 00 -115 7.52 -4.32 200 -110 7.52 -4.14
250 -135 9.40 -5.08 250 -130 9.40 -4.89
300 -155 11.28 -5.83 300 -150 11.28 -5.64
350 -175 13.16 -6.58 350 -170 13.16 -6.39
400 -195 15.04 -7.33 400 -180 15.04 -6.77
450 -195 16.92 -7.33 450 -185 16.92 -6.95
500 -195 18.80 -7.33 500 -195 18.80 -7.33
550 -196 20.68 -7.37 550 -193 20 .6 8 -7.26
600 -190 22.56 -7.14 600 -176 22 .5 6 -6.62
650 -160 24.44 -6.02 650 -148 24 .4 4 -5.56
700 -140 26.32 -5.26 700 -120 26 .3 2 -4.51
750 -110 28.20 -4.14 750 -83 2 8 .2 0 -3.12
800 -55 30.08 -2.07 795 0 2 9 .89 0.00
820 0 30.83 0.00 750 100 2 8 .20 3.76
800 75 30.08 2.82 700 140 26 .3 2 5.26
750 115 28.20 4.32 650 177 24 .4 4 6.65
700 140 26.32 5.26 600 213 2 2 .5 6 8.01
650 160 24.44 6.02 550 213 2 0 .68 8.01
600 200 22.56 7.52 500 215 18.80 8.08
550 200 20.68 7.52 450 210 16.92 7.89
500 210 18.80 7.89 400 198 15.04 7.44
450 205 16.92 7.71 350 182 13.16 6.84
400 195 15.04 7.33 300 165 11.28 6.20
350 180 13.16 6.77 250 150 9.40 5.64
300 160 11.28 6.02 200 130 7.52 4.89
250 140 9.40 5.26 150 105 5.64 3.95
200 120 7.52 4.51 100 80 3 .76 3.01
150 98 5.64 3.68 50 40 1.88 1.50
100 80 3.76 3.01 0 13.3 0 .00 0.50
50 45 1.88 1.69
0 13.3 0.00 0.50
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Test no. 306 Test no. 312
x (m m ) z (m m ) x/b0 z/bn x (m m ) z (m m ) x/b0 z /b n
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -50 1.88 -1.88 50 -44 1.88 -1.65
100 -80 3.76 -3.01 100 -70 3.76 -2.63
150 -90 5.64 -3.38 150 -95 5.64 -3.57
200 -110 7.52 -4.14 200 -119 7.52 -4.47
2 50 -125 9.40 -4.70 250 -140 9.40 -5.26
300 -150 11.28 -5.64 300 -160 11.28 -6.02
350 -170 13.16 -6.39 350 -173 13.16 -6.50
400 -182 15.04 -6.84 400 -185 15.04 -6.95
450 -195 16.92 -7.33 450 -183 16.92 -6.88
500 -195 18.80 -7.33 500 -181 18.80 -6.80
550 -190 20.68 -7.14 550 -176 20.68 -6.62
600 -170 22.56 -6.39 600 -166 22 .56 -6.24
650 -140 24.44 -5.26 650 -146 24 .44 -5.49
700 -105 26.32 -3.95 700 -122 26.32 -4.59
750 -65 28.20 -2.44 750 -80 28.20 -3.01
783 0 29.44 0.00 780 0 29.32 0.00
750 90 28.20 3.38 750 85 28.20 3.20
700 130 26.32 4.89 700 128 26.32 4.81
650 160 24.44 6.02 650 155 24 .44 5.83
600 180 22.56 6.77 600 175 22.56 6.58
550 190 20.68 7.14 550 192 20.68 7.22
500 195 18.80 7.33 500 194 18.80 7.29
450 195 16.92 7.33 450 196 16.92 7.37
400 185 15.04 6.95 400 190 15.04 7.14
350 170 13.16 6.39 350 175 13.16 6.58
300 148 11.28 5.56 300 160 11.28 6.02
250 135 9.40 5.08 250 140 9.40 5.26
200 115 7.52 4.32 200 120 7.52 4.51
150 95 5.64 3.57 150 97 5.64 3.65
100 75 3.76 2.82 100 70 3.76 2.63
50 50 1.88 1.88 50 42 1.88 1.58
0 i -t ->1 J.J 0.00 0.50 0 13.3 0.00 0.50
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Test no. 315 Test no. 318
x (m m ) z (m m) x/b0 z/b„ x (m m ) z (m m ) x/b0 z /b 0
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -45 1.88 -1.69 50 -50 1.88 -1.88
100 -65 3.76 -2.44 100 -65 3.76 -2.44
150 -85 5.64 -3.20 150 -80 5.64 -3.01
200 -100 7.52 -3.76 200 -105 7.52 -3.95
250 -120 9.40 -4.51 250 -116 9.40 -4.36
300 -132 11.28 -4.96 300 -138 11.28 -5.19
350 -153 13.16 -5.75 350 -155 13.16 -5.83
400 -170 15.04 -6.39 400 -171 15.04 -6.43
450 -176 16.92 -6.62 450 -177 16.92 -6.65
500 -174 18.80 -6.54 500 -177 18.80 -6.65
550 -172 20.68 -6.47 550 -173 20.68 -6.50
600 -153 22.56 -5.75 600 -164 22 .56 -6.17
650 -132 2 4 .44 -4.96 650 -142 2 4 .44 -5.34
700 -100 26.32 -3.76 700 -115 26 .32 -4.32
750 -55 28.20 -2.07 750 -76 28 .20 -2.86
780 0 0.00 790 0 29 .70 0.00
750 75 28.20 2.82 750 90 28 .20 3.38
700 125 26 .32 4.70 700 140 26.32 5.26
650 150 24.44 5.64 650 165 24 .44 6.20
600 172 22 .56 6.47 600 185 22 .56 6.95
550 185 20.68 6.95 550 193 20.68 7.26
500 185 18.80 6.95 500 190 18.80 7.14
450 178 16.92 6.69 450 186 16.92 6.99
400 175 15.04 6.58 400 175 15.04 6.58
350 160 13.16 6.02 350 162 13.16 6.09
300 148 11.28 5.56 300 140 11.28 5.26
250 130 9.40 4.89 250 128 9.40 4.81
200 100 7.52 3.76 200 103 7.52 3.87
150 85 5.64 3.20 150 75 5.64 2.82
100 60 3.76 2.26 100 60 3.76 2.26
50 42 1.88 1.58 50 40 1.88 1.50
0 13.3 0.00 0.50 0 13.3 0.00 0.50
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Test no. 402 Test no. 404
x (mm) z (mm) x/b0 z/b„ x (mm) z (mm) x/b0 z/b0
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -60 1.88 -2.26 50 -70 1.88 -2.63
100 -90 3.76 -3.38 100 -100 3.76 -3.76
150 -115 5.64 -4.32 150 -120 5.64 -4.51
200 -130 7.52 -4.89 200 -139 7.52 -5.23
250 -145 9.40 -5.45 250 -155 9 .40 -5.83
300 -175 11.28 -6.58 300 -170 11.28 -6.39
350 -200 13.16 -7.52 350 -188 13.16 -7.07
400 -205 15.04 -7.71 400 -197 15.04 -7.41
450 -215 16.92 -8.08 450 -208 16.92 -7.82
500 -195 18.80 -7.33 500 -214 18.80 -8.05
550 -176 20.68 -6.62 550 -211 20 .68 -7.93
600 -155 22.56 -5.83 600 -197 2 2 .56 -7.41
650 -145 24.44 -5.45 650 -170 24 .44 -6.39
700 -130 26.32 -4.89 700 -128 2 6 .32 -4.81
750 -115 28.20 -4.32 750 -90 2 8 .20 -3.38
800 -85 30.08 -3.20 800 -42 30 .08 -1.58
850 0 31.95 0.00 810 0 30 .45 0.00
800 105 30.08 3.95 800 60 30 .08 2.26
750 130 28.20 4.89 750 130 28 .2 0 4.89
700 146 26.32 5.49 700 164 26 .32 6.17
650 160 24.44 6.02 650 200 24 .44 7.52
600 171 22.56 6.43 600 230 22 .56 8.65
550 190 20.68 7.14 550 238 20 .68 8.95
500 210 18.80 7.89 500 240 18.80 9.02
450 230 16.92 8.65 450 235 16.92 8.83
400 2 20 15.04 8.27 400 225 15.04 8.46
350 210 13.16 7.89 350 212 13.16 7.97
300 192 11.28 7.22 300 200 11.28 7.52
250 170 9.40 6.39 250 185 9.40 6.95
200 154 7.52 5.79 200 170 7 .52 6.39
150 135 5.64 5.08 150 145 5.64 5.45
100 120 3.76 4.51 100 115 3 .76 4.32
50 95 1.88 3.57 50 75 1.88 2.82
0 60 0.00 2.26 0 13.3 0.00 0.50
103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Test no. 406 Test no. 418
x (m m ) z  (m m ) x/b0 z /b0 x (m m ) z  (m m ) x/b 0 z /b0
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -50 1.88 -1.88 50 -40 1.88 -1.50
100 -90 3.76 -3.38 100 -70 3.76 -2.63
150 -110 5.64 -4.14 150 -90 5.64 -3.38
200 -130 7.52 -4.89 200 -112 7.52 -4.21
250 -150 9.40 -5.64 250 -138 9.40 -5.19
300 -165 11.28 -6.20 300 -148 11.28 -5.56
350 -180 13.16 -6.77 350 -160 13.16 -6.02
400 -189 15.04 -7.11 400 -170 15.04 -6.39
450 -193 16.92 -7.26 450 -183 16.92 -6.88
500 -195 18.80 -7.33 500 -192 18.80 -7.22
550 -190 20.68 -7.14 550 -190 20.68 -7.14
600 -180 22.56 -6.77 600 -175 22.56 -6.58
650 -155 24.44 -5.83 650 -155 24 .44 -5.83
700 -120 26.32 -4.51 700 -103 26.32 -3.87
750 -75 28.20 -2.82 750 -56 28 .20 -2.11
795 0 29.89 0.00 795 0 29.89 0.00
750 100 28.20 3.76 750 94 28 .20 3.53
700 145 26.32 5.45 700 137 26.32 5.15
650 176 24.44 6.62 650 185 24 .44 6.95
600 200 22.56 7.52 600 200 22.56 7.52
550 207 20.68 7.78 550 204 20 .68 7.67
500 208 18.80 7.82 500 205 18.80 7.71
450 210 16.92 7.89 450 200 16.92 7.52
400 205 15.04 7.71 400 195 15.04 7.33
350 187 13.16 7.03 350 185 13.16 6.95
300 170 11.28 6.39 300 168 11.28 6.32
250 150 9.40 5.64 250 145 9.40 5.45
200 128 7.52 4.81 200 120 7.52 4.51
150 110 5.64 4.14 150 87 5.64 3.27
100 80 3.76 3.01 100 65 3.76 2.44
50 47 1.88 1.77 50 40 1.88 1.50
0 13.3 0.00 0.50 0 13.3 0.00 0.50
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T est no. 506 Test no. 518
x (m m ) z (m m ) x/b0 z/b„ x (m m ) z (m m ) x/b0 z/b„
0 -13.3 0.00 -0.50 0 -13.3 0.00 -0.50
50 -40 1.88 -1.50 50 -38 1.88 -1.43
100 -55 3.76 -2.07 100 -60 3.76 -2.26
150 -75 5.64 -2.82 150 -73 5.64 -2.74
200 -95 7.52 -3.57 200 -90 7.52 -3.38
250 -100 9.40 -3.76 250 -100 9.40 -3.76
300 -111 11.28 -4.17 300 -110 11.28 -4.14
350 -116 13.16 -4.36 350 -118 13.16 -4.44
400 -112 15.04 -4.21 400 -117 15.04 -4.40
450 -97 16.92 -3.65 450 -106 16.92 -3.98
500 -55 18.80 -2.07 500 -78 18.80 -2.93
545 0 20.49 0.00 550 -40 20 .68 -1.50
500 88 18.80 3.31 570 0 21.43 0.00
450 119 16.92 4.47 550 50 20.68 1.88
400 134 15.04 5.04 500 88 18.80 3.31
350 130 13.16 4.89 450 115 16.92 4.32
300 122 11.28 4.59 400 118 15.04 4.44
250 112 9.40 4.21 350 120 13.16 4.51
200 105 7.52 3.95 300 110 11.28 4.14
150 85 5.64 3.20 250 97 9.40 3.65
100 65 3.76 2.44 200 85 7.52 3.20
50 45 1.88 1.69 150 65 5.64 2.44
0 13.3 0.00 0.50 100 50 3.76 1.88
50 38 1.88 1.43
0 13.3 0.00 0.50
Test no. 606
x (m m ) z (m m ) x/b„ z /b 0
0 -13.3 0.00 -0.50
50 •** 1.88 -1.24
100 -46 3.76 -1.73
150 -58 5.64 -2.18
200 -62 7.52 -2.33
250 -62 9.40 -2.33
300 -54 11.28 -2.03
350 -15 13.16 -0.56
355 0 13.35 0.00
350 24 13.16 0.90
300 58 11.28 2.18
250 63 9.40 2.37
200 58 7.52 2.18
150 50 5.64 1.88
100 41 3.76 1.54
50 28 1.88 1.05
0 13.3 0.00 0.50
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Table B.4: Ridge perimeters
T est no. 101 Test no. 102
x (m m ) z (m m ) x/b0 z/b„ x (m m ) z (m m ) x /b 0 z /b 0
25 0 -110 9.40 -4.14 210 -85 7.89 -3.20
275 -128 10.34 -4.81 225 -90 8.46 -3.38
300 -150 11.28 -5.64 250 -103 9.40 -3.87
325 -159 12.22 -5.98 275 -108 10.34 -4.06
350 -160 13.16 -6.02 300 -110 11.28 -4.14
375 -162 14.10 -6.09 325 -110 12.22 -4 .14
4 0 0 -165 15.04 -6.20 350 -106 13.16 -3.98
425 -165 15.98 -6.20 375 -97 14.10 -3.65
4 50 -165 16.92 -6.20 400 -70 15.04 -2.63
475 -160 17.86 -6.02 420 0 15.79 0 .00
500 -145 18.80 -5.45 400 35 15.04 1.32
525 -125 19.74 -4.70 375 48 14.10 1.80
550 -80 20.68 -3.01 350 58 13.16 2.18
565 0 21.24 0.00 325 63 12.22 2 .37
575 35 21.62 1.32 300 63 11.28 2.37
580 70 21.80 2.63 275 64 10.34 2.41
575 90 21.62 3.38 250 58 9.40 2.18
550 121 20.68 4.55 225 50 8.46 1.88
525 136 19.74 5.11
500 153 18.80 5.75
475 160 17.86 6.02
450 160 16.92 6.02
425 155 15.98 5.83
400 150 15.04 5.64
375 142 14.10 5.34
350 135 13.16 5.08
325 125 12.22 4.70
300 110 11.28 4.14
.
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Test no. 103
x (m m ) z  (m m ) x/b0 z/b„
250 -70 9.40 -2.63
275 -75 10.34 -2.82
300 -75 11.28 -2.82
325 -78 12.22 -2.93
350 -76 13.16 -2.86
375 -73 14.10 -2.74
400 -69 15.04 -2.59
425 -59 15.98 -2.22
450 -49 16.92 -1.84
475 -28 17.86 -1.05
490 0 18.42 0.00
475 50 17.86 1.88
450 67 16.92 2.52
425 78 15.98 2.93
400 82 15.04 3.08
375 83 14.10 3.12
350 85 13.16 3.20
325 87 12.22 3.27
300 86 11.28 3.23
275 80 10.34 3.01
Test no. 104
x (m m ) z ( m m )  x /b 0 z/b.
300 -70 11.28 -2.63
325 -90 12.22 -3.38
350 -93 13.16 -3.50
375 -97 14.10 -3.65
400 -95 15.04 -3.57
425 -90 15.98 -3.38
450 -83 16.92 -3.12
475 -65 17.86 -2.44
500 l o 18.80 -1.13
510 0 19.17 0.00
500 50 18.80 1.88
475 80 17.86 3.01
450 94 16.92 3.53
425 102 15.98 3.83
400 107 15.04 4.02
375 108 14.10 4.06
350 105 13.16 3.95
325 103 12.22 3.87
300 93 11.28 3.50
275 79 10.34 2.97
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Test no. 106
x (m m ) z ( m m )  x/b„ z/b„
300 -65 11.28 -2.44
325 -72 12.22 -2.71
350 -84 13.16 -3.16
375 -87 14.10 -3.27
400 -85 15.04 -3.20
425 -84 15.98 -3.16
450 -81 16.92 -3.05
475 -70 17.86 -2.63
500 -59 18.80 -2.22
525 -40 19.74 -1.50
550 0 20.68 0.00
525 65 19.74 2.44
500 82 18.80 3.08
475 90 17.86 3.38
450 98 16.92 3.68
425 105 15.98 3.95
400 106 15.04 3.98
375 105 14.10 3.95
350 103 13.16 3.87
325 95 12.22 3.57
300 82 11.28 3.08
275 75 10.34 2.82
Test no. 112
x (m m ) z (m m ) x /b 0 z /b0
315 -63 11.84 -2.37
325 -72 12.22 -2.71
350 -80 13.16 -3.01
375 -79 14.10 -2.97
400 -77 15.04 -2.89
425 -77 15.98 -2.89
450 -76 16.92 -2.86
475 -75 17.86 -2.82
500 -68 18.80 -2.56
525 -55 19.74 -2.07
550 -35 20 .68 -1.32
563 0 2 1 .17 0.00
550 50 20 .68 1.88
525 65 19.74 2.44
500 78 18.80 2.93
475 85 17.86 3.20
450 88 16.92 3.31
425 90 15.98 3.38
400 90 15.04 3.38
375 91 14.10 3.42
350 88 13.16 3.31
325 75 12.22 2.82
300 65 11.28 2 .44
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Test no. 115 Test no. 118
(m m ) z (m m ) x/b„ z/b0
315 -58 11.84 -2.18
325 -60 12.22 -2.26
350 -66 13.16 -2.48
375 -68 14.10 -2.56
400 -70 15.04 -2.63
425 -67 15.98 -2.52
450 -66 16.92 -2.48
475 -62 17.86 -2.33
500 -58 18.80 -2.18
525 -53 19.74 -1.99
550 -39 20.68 -1.47
570 0 21.43 0.00
550 55 20.68 2.07
525 75 19.74 2.82
500 84 18.80 3.16
475 87 17.86 3.27
450 90 16.92 3.38
425 88 15.98 3.31
400 87 15.04 3.27
375 85 14.10 3.20
350 81 13.16 3.05
325 68 12.22 2.56
; (m m ) z (m m ) x /b 0 z/b„
300 -60 11.28 -2.26
325 -66 12.22 -2.48
350 -72 13.16 -2.71
375 -75 14.10 -2.82
400 -78 15.04 -2.93
425 -75 15.98 -2.82
450 -70 16.92 -2.63
475 -69 17.86 -2.59
500 -65 18.80 -2.44
525 -55 19.74 -2.07
550 -40 20 .68 -1.50
573 0 21 .54 0.00
550 41 20 .68 1.54
525 61 19.74 2.29
500 80 18.80 3.01
475 90 17.86 3.38
450 90 16.92 3.38
425 92 15.98 3.46
400 88 15.04 3.31
375 86 14.10 3.23
350 85 13.16 3.20
325 85 12.22 3.20
300 73 11.28 2.74
275 62 10.34 2.33
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Test no. 201 Test no. 202
x (m m ) z (m m ) x/b0 z/b0 x (m m ) z (m m ) x/b0 z/b„
350 -170 13.16 -6.39 275 -136 10.34 -5.11
400 -215 15.04 -8.08 300 -160 11.28 -6.02
450 -235 16.92 -8.83 350 -180 13.16 -6.77
500 -248 18.80 -9.32 400 -198 15.04 -7.44
550 -260 20.68 -9.77 450 -209 16.92 -7.86
600 -260 22.56 -9.77 500 -210 18.80 -7.89
650 -255 24.44 -9.59 550 -215 20 .68 -8.08
700 -245 26.32 -9.21 600 -218 22 .56 -8.20
750 -219 28.20 -8.23 650 -212 24.44 -7.97
800 -190 30.08 -7.14 700 -202 26.32 -7.59
850 -150 31.95 -5.64 750 -183 2 8 .20 -6.88
900 -100 33.83 -3.76 800 -105 30.08 -3.95
935 0 35.15 0.00 833 0 31.32 0.00
900 116 33.83 4.36 800 105 30.08 3.95
850 160 31.95 6.02 750 160 28 .20 6.02
800 190 30.08 7.14 700 190 26 .32 7.14
750 219 28.20 8.23 650 207 24 .44 7.78
700 235 26.32 8.83 600 213 22 .56 8.01
650 250 24.44 9.40 550 203 20 .68 7.63
600 250 22.56 9.40 500 183 18.80 6.88
550 250 20.68 9.40 450 140 16.92 5.26
500 241 18.80 9.06 425 122 15.98 4.59
450 225 16.92 8.46
400 204 15.04 7.67
350 170 13.16 6.39
325 150 12.22 5.64
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Test no. 203 Test no. 204
x (m m ) z (m m ) x/b0 z/b0 x (m m) z (m m ) x/b„ z/b„
425 -120 15.98 -4.51 420 -110 15.79 -4.14
450 -130 16.92 -4.89 450 -126 16.92 -4.74
475 -144 17.86 -5.41 500 -147 18.80 -5.53
500 -152 18.80 -5.71 550 -152 20 .68 -5.71
525 -160 19.74 -6.02 600 -154 22 .56 -5.79
550 -166 20.68 -6.24 650 -150 24 .44 -5.64
575 -168 21.62 -6.32 700 -128 2 6 .32 -4.81
600 -170 22.56 -6.39 750 -105 28 .20 -3.95
625 -170 23.50 -6.39 797 0 29 .96 0.00
650 -165 24.44 -6.20 750 126 2 8 .20 4.74
675 -165 25.38 -6.20 700 166 26 .32 6.24
700 -160 26.32 -6.02 650 182 24 .44 6.84
725 -150 27.26 -5.64 600 185 22 .56 6.95
750 -140 28.20 -5.26 550 178 20 .68 6.69
775 -120 29.14 -4.51 500 172 18.80 6.47
800 -95 30.08 -3.57 450 155 16.92 5.83
815 0 30.64 0.00 400 124 15.04 4.66
800 75 30.08 2.82
775 110 29.14 4.14
750 135 28.20 5.08
725 145 27.26 5.45
700 160 26.32 6.02
675 170 25.38 6.39
650 176 24.44 6.62
625 180 23.50 6.77
600 182 22.56 6.84
575 180 21.62 6.77
550 180 20.68 6.77
525 172 19.74 6.47
500 160 18.80 6.02
475 150 17.86 5.64
450 135 16.92 5.08
425 122 15.98 4 .59
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T est no. 206 T est no. 212
x (m m ) z (m m ) x/b 0 z/b„ x (m m ) z (m m ) x /b 0 z/b„
400 -124 15.04 -4.66 400 -117 15.04 -4.40
450 -144 16.92 -5.41 425 -130 15.98 -4.89
500 -153 18.80 -5.75 450 -140 16.92 -5.26
550 -155 20.68 -5.83 475 -150 17.86 -5.64
600 -155 22.56 -5.83 500 -157 18.80 -5.90
650 -144 24 .44 -5.41 525 -159 19.74 -5.98
700 -111 26.32 -4.17 550 -160 20 .68 -6.02
750 0 28 .20 0.00 575 -164 21 .62 -6.17
700 144 26.32 5.41 600 -168 22 .56 -6.32
650 174 24.44 6.54 625 -162 23 .50 -6.09
600 180 22.56 6.77 650 -158 24 .44 -5.94
550 174 20.68 6.54 675 -146 25 .38 -5.49
500 161 18.80 6.05 700 -136 26 .32 -5.11
450 148 16.92 5.56 725 -116 27 .26 -4.36
400 130 15.04 4.89 750 -80 2 8 .20 -3.01
775 0 2 9 .14 0.00
750 93 28 .20 3.50
725 123 27 .26 4.62
700 142 26 .32 5.34
675 161 25 .38 6.05
650 174 24 .44 6.54
625 178 23 .5 0 6.69
600 180 22 .56 6.77
575 180 21 .62 6.77
550 180 20 .68 6.77
525 177 19.74 6.65
500 172 18.80 6.47
475 165 17.86 6.20
450 154 16.92 5.79
425 145 15.98 5.45
400 130 15.04 4.89
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Test no. 215 Test no. 218
(m m ) z (m m ) x/b„ z/b„
4 20 -118 15.79 -4.44
450 -138 16.92 -5.19
500 -155 18.80 -5.83
550 -160 20.68 -6.02
600 -160 22.56 -6.02
650 -155 24.44 -5.83
700 -138 26.32 -5.19
750 -99 28.20 -3.72
785 0 29.51 0.00
750 105 28.20 3.95
700 161 26.32 6.05
650 177 24.44 6.65
600 180 22.56 6.77
550 186 20.68 6.99
500 180 18.80 6.77
450 160 16.92 6.02
400 133 15.04 5.00
390 120 14.66 4.51
; (m m ) z (m m ) x/b„ cr o
420 -110 15.79 -4.14
450 -131 16.92 -4.92
500 -142 18.80 -5.34
550 -156 20.68 -5.86
600 -154 22.56 -5.79
650 -145 24 .44 -5.45
700 -117 26.32 -4.40
750 -76 28.20 -2.86
785 0 29.51 0.00
750 90 28.20 3.38
700 142 26.32 5.34
650 168 24 .44 6.32
600 178 22.56 6.69
550 177 20.68 6.65
500 165 18.80 6.20
450 150 16.92 5.64
400 115 15.04 4.32
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Test no. 301 Test no. 302
x (m m ) z (m m ) x/b0 z/b0 x (m m ) z (m m ) x /b 0 z/b„
350 -168 13.16 -6.32 425 -220 15.98 -8.27
400 -305 15.04 -11.47 450 -295 16.92 -11.09
450 -360 16.92 -13.53 500 -328 18.80 -12.33
500 -403 18.80 -15.15 550 -345 20.68 -12.97
550 -418 20.68 -15.71 600 -355 22 .56 -13.35
600 -425 22.56 -15.98 650 -358 24 .44 -13.46
650 -426 24.44 -16.02 700 -359 26 .32 -13.50
700 -425 26.32 -15.98 750 -353 28 .20 -13.27
750 -424 28.20 -15.94 800 -348 30.08 -13.08
800 -423 30.08 -15.90 850 -339 31.95 -12.74
850 -422 31.95 -15.86 900 -329 o n  o "> J J . O J -12.37
900 -422 33.83 -15.86 950 -310 35.71 -11.65
950 -418 35.71 -15.71 1000 -282 37.59 -10.60
1000 -412 37.59 -15.49 1050 -240 39 .47 -9.02
1050 -380 39.47 -14.29 1100 -190 41.35 -7.14
1100 -340 41.35 -12.78 1150 -125 43.23 -4.70
1150 -300 43.23 -11.28 1175 0 44 .17 0.00
1200 -262 45.11 -9.85 1150 165 43.23 6.20
1250 -225 46.99 -8.46 1100 240 41.35 9.02
1300 -194 48.87 -7.29 1050 287 39.47 10.79
1350 -158 50.75 -5.94 1000 315 37 .59 11.84
1400 -90 52.63 -3.38 950 345 35.71 12.97
1425 0 53.57 0.00 900 365 33.83 13.72
1400 90 52.63 3.38 850 370 31.95 13.91
1350 155 50.75 5.83 800 377 30.08 14.17
1300 195 48.87 7.33 750 373 28 .20 14.02
1250 225 46.99 8.46 700 367 26 .32 13.80
1200 255 45.11 9.59 650 358 24 .44 13.46
1150 298 43.23 11.20 600 342 22 .56 12.86
1100 352 41.35 13.23 550 329 20 .68 12.37
1050 400 39.47 15.04 500 288 18.80 10.83
1000 440 37.59 16.54 450 262 16.92 9.85
950 445 35.71 16.73 400 230 15.04 8.65
900 450 33.83 16.92 350 197 13.16 7.41
850 448 31.95 16.84 325 170 12.22 6.39
800 451 30.08 16.95
750 450 28.20 16.92
700 442 26.32 16.62
650 432 24.44 16.24
600 425 22.56 15.98
550 415 20.68 15.60
500 397 18.80 14.92
450 372 16.92 13.98
400 340 15.04 12.78
350 266 13.16 10.00
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Test no. 303 T est  no. 304
x (m m ) z (m m ) x/b0 z/b0 x (m m ) z (m m ) x/b0 z/b0
425 -195 15.98 -7.33 550 -193 20.68 -7.26
450 -245 16.92 -9.21 600 -233 22.56 -8.76
500 -275 18.80 -10.34 650 -260 24.44 -9.77
550 -300 20.68 -11.28 700 -275 26.32 -10.34
600 -315 22.56 -11.84 750 -276 28.20 -10.38
650 -320 24 .44 -12.03 800 -270 30.08 -10.15
700 -324 26.32 -12.18 850 -262 31.95 -9.85
750 -310 28 .20 -11.65 900 -253 33.83 -9.51
800 -305 30.08 -11.47 950 -245 35.71 -9.21
850 -296 31.95 -11.13 1000 -225 37.59 -8.46
900 -285 33.83 -10.71 1050 -188 39.47 -7.07
950 -270 35.71 -10.15 1100 -137 41.35 -5.15
1000 -245 37.59 -9.21 1145 0 43.05 0.00
1050 -215 39.47 -8.08 1100 131 41.35 4.92
1100 -175 41.35 -6.58 1050 238 39.47 8.95
1150 -100 43.23 -3.76 1000 277 37 .59 10.41
1175 0 44.17 0.00 950 295 35.71 11.09
1150 150 43.23 5.64 900 312 33.83 11.73
1100 225 41.35 8.46 850 315 31.95 11.84
1050 270 39.47 10.15 800 315 30.08 11.84
1000 295 37.59 11.09 750 315 2 8 .20 11.84
950 317 35.71 11.92 700 303 26.32 11.39
900 330 33.83 12.41 650 280 24 .44 10.53
850 335 31.95 12.59 600 235 22 .56 8.83
800 335 30.08 12.59 585 213 21 .99 8.01
750 330 28.20 12.41
700 315 26.32 11.84
650 315 24 .44 11.84
600 295 22.56 11.09
550 250 20.68 9.40
525 210 19.74 7.89
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Test no. 306 Test no. 312
x (mm) z (mm) x/b„ z/b„ x (mm) z (mm) x/b„ z/b„
550 -190 20.68 -7.14 575 -176 21.62 -6.62
600 -227 22.56 -8.53 600 -205 22 .56 -7.71
650 -245 24.44 -9.21 650 -228 24 .44 -8.57
700 -250 26.32 -9.40 700 -240 26 .32 -9.02
750 -253 28.20 -9.51 750 -250 2 8 .20 -9.40
800 -258 30.08 -9.70 800 -250 30 .08 -9.40
850 -255 31.95 -9.59 850 -248 31.95 -9.32
900 -250 33.83 -9.40 900 -246 33.83 -9.25
950 -240 35.71 -9.02 950 -234 35.71 -8.80
1000 -216 37.59 -8.12 1000 -220 37 .59 -8.27
1050 -180 39.47 -6.77 1050 -188 39 .47 -7.07
1100 -120 41.35 -4.51 1100 -110 41 .35 -4.14
1137 0 42.74 0.00 1130 0 42 .48 0.00
1100 140 41.35 5.26 1100 115 41 .35 4.32
1050 21 0 39.47 7.89 1050 190 39 .47 7.14
1000 2 4 0 37.59 9.02 1000 225 37 .59 8.46
950 260 35.71 9.77 950 250 35.71 9.40
900 273 33.83 10.26 900 268 33.83 10.08
850 276 31.95 10.38 850 270 31.95 10.15
800 275 30.08 10.34 800 274 30 .08 10.30
750 273 28.20 10.26 750 271 28 .20 10.19
700 268 26.32 10.08 700 263 2 6 .32 9.89
650 2 60 24.44 9.77 650 242 24 .44 9.10
600 243 22.56 9.14 600 218 22 .56 8.20
550 225 20.68 8.46 575 192 21 .62 7.22
500 195 18.80 7.33
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Test no. 315 Test no. 3 1 8
x (m m ) z (m m ) x/b0 z/b0 x (m m ) z (m m ) x/b„ z/b„
550 -172 20.68 -6.47 570 -175 21.43 -6.58
600 -195 22 .56 -7.33 600 -195 22 .5 6 -7.33
650 -220 24 .44 -8.27 650 -218 24 .44 -8.20
700 -232 26.32 -8.72 700 -236 26 .32 -8.87
750 -244 28 .20 -9.17 750 -245 28 .2 0 -9.21
800 -246 30.08 -9.25 800 -250 30 .08 -9.40
850 -243 31.95 -9.14 850 -246 31 .95 -9.25
900 -242 33.83 -9.10 900 -242 33.83 -9.10
950 -220 35.71 -8.27 950 -231 35.71 -8.68
1000 -195 37.59 -7.33 1000 -205 3 7 .59 -7.71
1050 -155 39.47 -5.83 1050 -170 3 9 .47 -6.39
1100 -75 41.35 -2.82 1100 -106 41 .35 -3.98
1125 0 42 .29 0.00 1135 0 4 2 .67 0.00
1100 120 41.35 4.51 1100 155 41 .35 5.83
1050 192 39.47 7.22 1050 213 39 .47 8.01
1000 237 37.59 8.91 1000 248 37 .59 9.32
950 255 35.71 9.59 950 270 35.71 10.15
900 270 33.83 10.15 900 280 33.83 10.53
850 281 31.95 10.56 850 285 31.95 10.71
800 279 30.08 10.49 800 290 30 .08 10.90
750 278 28 .20 10.45 750 288 28 .2 0 10.83
700 265 26.32 9.96 700 273 26 .32 10.26
650 2 57 24 .44 9.66 650 250 24 .44 9.40
600 220 22 .56 8.27 600 220 2 2 .56 8.27
550 185 20.68 6.95 550 193 20 .68 7.26
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T est no. 402 T est  no. 404
x (m m ) z (m m ) x/b0 z/b„ x (m m ) z (m m ) x/b„ z/b„
470 -215 17.67 -8.08 637 -190 23.95 -7.14
500 -285 18.80 -10.71 650 -200 24 .44 -7.52
550 -315 20.68 -11.84 700 -240 26.32 -9.02
600 -325 22 .56 -12.22 750 -263 28.20 -9.89
650 -340 24.44 -12.78 800 -280 30.08 -10.53
700 -342 26.32 -12.86 850 -290 31.95 -10.90
750 -345 28.20 -12.97 900 -294 33.83 -11.05
800 -346 30.08 -13.01 950 -290 35.71 -10.90
850 -340 31.95 -12.78 1000 -280 37.59 -10.53
900 -328 33.83 -12.33 1050 -255 39.47 -9.59
950 -305 35.71 -11.47 1100 -215 41.35 -8.08
1000 -280 37.59 -10.53 1150 -170 43.23 -6.39
1050 -255 39.47 -9.59 1200 -70 45.11 -2.63
1100 -224 41.35 -8.42 1205 0 45 .30 0.00
1150 -190 43.23 -7.14 1200 80 45.11 3.01
1200 -134 45.11 -5.04 1150 190 43.23 7.14
1250 0 46 .99 0.00 1100 250 41.35 9.40
1200 203 45.11 7.63 1050 290 39.47 10.90
1150 271 43.23 10.19 1000 320 37.59 12.03
1100 302 41.35 11.35 950 335 35.71 12.59
1050 328 39.47 12.33 900 341 33.83 12.82
1000 348 37.59 13.08 850 340 31.95 12.78
950 355 35.71 13.35 800 335 30.08 12.59
900 366 33.83 13.76 750 320 28 .20 12.03
850 381 31.95 14.32 700 295 26 .32 11.09
800 385 30.08 14.47 650 265 24 .44 9.96
750 386 28.20 14.51 600 230 22 .56 8.65
700 385 26.32 14.47
650 380 24.44 14.29
600 360 22.56 13.53
550 315 20.68 11.84
500 275 18.80 10.34
485 230 18.23 8.65
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Test no. 406 Test no. 418
x (m m ) z (m m ) x/b0 z/b0 x (m m ) z (m m ) x/b0 z/b0
610 -180 22.93 -6.77 623 -172 23.42 -6.47
650 -210 24.44 -7.89 650 -185 24.44 -6.95
700 -233 26.32 -8.76 700 -206 26.32 -7.74
7 50 -249 28.20 -9.36 750 -235 28.20 -8.83
800 -252 30.08 -9.47 800 -258 30.08 -9.70
850 -254 31.95 -9.55 850 -259 31.95 -9.74
900 -255 33.83 -9.59 900 -249 33.83 -9.36
950 -256 35.71 -9.62 950 -245 35.71 -9.21
1000 -247 37.59 -9.29 1000 -220 37.59 -8.27
1050 -226 39.47 -8.50 1050 -185 39.47 -6.95
1100 -192 41.35 -7.22 1100 -120 41.35 -4.51
1150 -123 43.23 -4.62 1150 0 43.23 0.00
1190 0 44.74 0.00 1100 128 41.35 4.81
1150 170 43.23 6.39 1050 175 39.47 6.58
1100 225 41.35 8.46 1000 228 37.59 8.57
1050 258 39.47 9.70 950 258 35.71 9.70
1000 278 37.59 10.45 900 274 33.83 10.30
950 289 35.71 10.86 850 285 31.95 10.71
900 292 33.83 10.98 800 296 30.08 11.13
850 290 31.95 10.90 750 290 28 .20 10.90
800 284 30.08 10.68 700 276 26.32 10.38
750 275 28.20 10.34 650 245 24 .44 9.21
700 258 26.32 9.70 620 197 23.31 7.41
650 235 24.44 8.83
600 206 22.56 7.74
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Test no. 506 Test no. 518
x (m m ) z (m m ) x/b0 z/b0 x (m m) z (m m ) x/b 0 z/b0
420 -110 15.79 -4.14 470 -103 17.67 -3.87
450 -120 16.92 -4.51 500 -115 18.80 -4.32
500 -136 18.80 -5.11 550 -147 20 .68 -5.53
550 -155 20.68 -5.83 600 -170 22 .56 -6.39
600 -160 22.56 -6.02 650 -167 24 .44 -6.28
650 -155 24.44 -5.83 700 -155 26 .32 -5.83
700 -140 26.32 -5.26 750 -120 28 .20 -4.51
750 -97 28.20 -3.65 800 0 30.08 0.00
795 0 29.89 0.00 750 135 28 .20 5.08
750 136 28.20 5.11 700 165 26 .32 6.20
700 175 26.32 6.58 650 180 24 .44 6.77
650 192 24.44 7.22 600 180 22 .56 6.77
600 195 22.56 7.33 550 165 20 .68 6.20
550 185 20.68 6.95 500 137 18.80 5.15
500 165 18.80 6.20 450 115 16.92 4.32
450 145 16.92 5.45
400 134 15.04 5.04
Test no. 606
x (m m ) z (m m ) x/b0 z/b„
265 -60 9.96 -2.26
300 -69 11.28 -2.59
350 -81 13.16 -3.05
400 -85 15.04 -3.20
450 -66 16.92 -2.48
486 0 18.27 0.00
450 81 16.92 3.05
400 97 15.04 3.46
350 92 13.16 2.82
300 75 11.28 2.37
250 63 9.40 0.00
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Table. B.5: Details of the experiments and the summarised experimental data.
D ate T est  no. u . F. ^ 5 0 b. H /b 0 R un tim e ^ m a w a i  'v a vs
(m/s) (m m ) (m m ) (h) (m m ) (m m ) (m m ) (x 103 mm3)
SEP 21, 2004 101 0.78 3.9 2.46 26 .6 1 24 4 5 .49 194 385 980
DEC 08, 2004 102 0.78 3.9 2.46 26.6 2 24 29 .70 135 288 340
N O V  22, 2004 103 0.78 3.9 2.46 26.6 3 24 27.75 140 330 400
DEC 07, 2004 104 0.78 3.9 2.46 26.6 4 24 31.28 154 355 490
N O V  28, 2004 106 0.78 3.9 2.46 26.6 6 24 30.06 145 370 490
DEC 09, 2004 112 0.78 3.9 2.46 26.6 12 24 29.34 132 370 560
DEC 01, 2004 115 0.78 3.9 2.46 26.6 15 24 28 .44 127 376 390
DEC 1 2 ,2 0 0 4 118 0 .78 3.9 2 .46 26 .6 18 24 27 .50 128 371 325
SEP 1 9 ,2 0 0 4 201 1.31 6.6 2.46 26.6 1 24 75.41 340 600 3340
N O V  23, 2004 202 1.31 6.6 2.46 26.6 2 24 69.92 259 585 3010
N O V  1 6 ,2 0 0 4 203 1.31 6.6 2.46 26.6 3 24 61.54 246 563 2320
DEC 04, 2004 204 1.31 6.6 2.46 26.6 4 24 60.12 228 546 2440
SEP 1 8 ,2 0 0 4 206 1.31 6.6 2.46 26.6 6 24 57.19 255 525 2320
OCT 04, 2004 212 1.31 6.6 2.46 26.6 12 24 61 .90 248 550 2720
N O V  29, 2004 215 1.31 6.6 2.46 26.6 15 24 61.65 240 550 2600
DEC 1 7 ,2 0 0 4 218 1.31 6.6 2.46 26.6 18 24 58.74 234 539 2285
SEP 22, 2004 301 2.0 10.0 2.46 26.6 1 24 106.42 534 840 13370
JAN 06, 2005 302 2.0 10.0 2.46 26.6 2 24 106.08 420 830 11 135
N O V  20, 2004 303 2.0 10.0 2 .46 26.6 3 24 103.57 400 820 10500
OCT 02, 2004 304 2.0 10.0 2 .46 26.6 4 24 95 .69 410 795 9090
DEC 28, 2004 306 2.0 10.0 2 .46 26.6 6 24 91 .00 390 783 8950
OCT 05, 2004 312 2.0 10.0 2 .46 26.6 12 24 93.85 368 780 8850
JAN 05, 2005 315 2.0 10.0 2.46 26.6 15 24 90.24 355 780 7830
DEC 21, 2005 318 2.0 10.0 2.46 26.6 18 24 92.38 367 790 8740
FEB 0 8 ,2 0 0 5 402 1.08 10.0 0.71 26.6 2 96 94.91 445 850 10000
FEB 21, 2005 404 1.08 10.0 0.71 26.6 4 96 89.01 454 810 9920
JAN 21, 2005 406 1.08 10.0 0.71 26.6 6 96 92.01 403 795 9490
FEB 1 4 ,20 05 418 1.08 10.0 0.71 26.6 18 96 90.09 397 783 8520
MAR 29, 2005 506 0.71 6.6 0.71 26.6 6 96 57.79 246 545 2600
A PR 1 4 ,2 0 0 5 518 0.71 6.6 0.71 26.6 18 96 58.00 238 570 2610
APR 09, 2005 606 0.42 3.9 0.71 26.6 6 96 29.12 124 355 495
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